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Abstract
Frank, Zachary, Ph.D., Mechanical Engineering, Howard R. Hughes College of Engineering,
University of Nevada, Las Vegas, December 2021.
“Polyvinyl chloride gels: Theoretical modeling of their actuation mechanism and
characterization of their properties”
Examination Committee Chair and Research Advisor: Kwang J. Kim

Polyvinyl chloride (PVC) gels are an electroactive polymer smart material which has
been considered in a variety of actuator applications. Their large deformation, fast response
rates, optical transparency, and soft nature has made them a key area of interest in fields
ranging from soft robotics to optics. PVC gels are made from PVC mixed with large quantities of
plasticizer, such as dibutyl adipate (DBA). When a voltage is applied, the gel experiences an
“anodophilic” deformation (in which it moves preferentially towards the anode). This unique
characteristic is the result of a charge buildup near the anode surface, which creates
electromechanical transduction. This allows for PVC gels to be used as varifocal lenses,
contraction actuators, bending actuators, and vibrotactile haptic feedback actuators, many of
which are not possible using other smart materials. A large mechanoelectrical effect (where a
mechanical deformation produces a voltage response) has also been found in PVC gels, allowing
them to be used as pliable sensors without the need for external amplification.
While the applications of PVC gels in a variety of actuator types have been thoroughly
documented, the fundamental mechanism for gel actuation is still poorly understood. This
presents a challenge in the design and prediction of actuator performance, as well as material
improvement. Additionally, while operating at lower voltages than other smart materials, such
as dielectric elastomers, PVC gels still require higher voltages and offer lower force output than
are acceptable for many applications. This work seeks to work towards a remedy of these
problems in the field.
iii

Herein, a theoretical and experimental investigation of the electromechanical actuation
properties of PVC gels is undertaken. The focus of this work is primarily on the mechanism of
PVC gel actuation, and key parameters for performance improvement in actuator applications.
The PVC gels’ electrical, thermal, and mechanical properties along with their electromechanical
response as actuators are characterized. The electrode polarization process in PVC gels is fit
using a Debye relaxation model, and the conduction mechanism in PVC gels is identified as a
correlated barrier hopping process. The actuation of PVC gels undergoing a cyclic linear voltage
sweep is shown to display a current peak that occurred simultaneously with the onset of
mechanical actuation. This is used as a novel characterization method to determine the total
space charge present within the gel based upon the polarization from the integrated current.
To address the concern of a lack of control and prediction of actuation, a finite element
analysis model of the electrostatic actuation of PVC gels is created. The model primarily focuses
on two common actuator geometries: mesh and parallel plate contraction actuators. A
parametric study is performed to determine the effects of the anode mesh size, Young’s
modulus, and gel thickness on the actuation. To verify the model, the simulations’ displacement
response is compared to PVC gel actuators that are fabricated and tested in contraction at
various voltages. The results indicate that the model is in good agreement with the experimental
results of PVC gel actuation and is capable of an acceptable prediction of the gel response. This
model furthers the understanding of the most important parameters for PVC gel actuators, is
useful in optimization, and could be applied in the future development of novel actuator
geometries.
In the final studies described here, we produce an improved actuator via the
incorporation of functionalized graphene oxide. Graphene oxide was found to increase the
performance of the gels dramatically, improving displacement (20%), force production (41%),
and power output (36%). The mechanism of performance enhancement of PVC gel actuators
through the use of conductive fillers is clarified. PVC gels with functionalized carbon nanotubes
iv

(CNTs) and 1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim]BF4) ionic liquid additives
are fabricated to study their electrical and mechanical properties, and how they differ in terms of
their ability to create more functional PVC gel actuators. A recommendation is made for
additives in distinct applications, and the work opens the door for additional exploration into
the area.
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: Introduction
1.1 Basics of PVC Gels
Polyvinyl chloride (PVC) gels are an electroactive polymer (EAP) gel which have been
investigated (primarily by Hirai and Hashimoto’s groups at Shinshu University in Japan) over
the last two decades as a smart material for use in a variety of actuator types including
contraction, bending, and crawling [1]–[3]. PVC gel actuators can be actuated in air, have very
quick response rates, and are optically transparent. They are capable of producing thickness
strains of 21%, and area strains of up to 76%, as well as scalable output stresses of up to 78 kPa
with extremely low power consumption (tens of nanowatts per square millimeter) [4]–[7]. They
are also inexpensive, utilizing readily available materials (powdered PVC, plasticizer, and a
solvent), and are easily fabricated with traditional solvent based plasticization techniques [8].
PVC gels exhibit what has been described as “anodophilic” behavior, moving preferentially onto
the anode surface [9]. The gels are actuated by an applied electric field, which polarizes the C-Cl
and C=O dipoles of the PVC and plasticizer, respectively. The field also induces the migration of
plasticizer towards the anode and a hetero-charge adjacent to the anode which forms a distinct
layer within the gel and allows for efficient actuation via electrostatic effects [10]–[12]. Despite
being studied since the start of the millennium, their actuation mechanism is still poorly
understood and in need of further clarification. This lack of understanding has also caused other
gaps in the field, including modeling of the gels, where no full model of actuation currently
exists. While current actuators show great promise, there are multiple areas where PVC gels’
prospects in actuator applications can be improved upon. Figure 1-1 shows an example of a
newly fabricated PVC gel sheet.
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Figure 1-1: A transparent thin sheet of functional PVC gel prepared in the

Active Materials and Smart Living (AMSL) laboratory at the University
of Nevada, Las Vegas.

1.2 Organization of this Dissertation
This dissertation is organized in the following manner. A review of the relevant literature
is presented covering the following: electroactive polymer gels generally, the background on
PVC gels’ actuation mechanism, the applications of PVC gels, previous attempts at modeling of
PVC gels, and current problems in the field. Chapter 3 will cover work involving the
investigation of the gel actuation mechanism. Chapter 4 will focus on the physics-based
modeling of PVC gel contraction actuators using COMSOL Multiphysics software. Chapter 5 will
discuss an improved PVC gel actuator with enhanced electromechanical transduction through
the incorporation of functionalized graphene oxide. Chapter 6 features an in-depth study on the
mechanism of performance enhancement of PVC gels through the use of conductive fillers. Each
Chapter containing published material, either in part or in full, begins with a description of its
contents and its relevance within the broader scope of this dissertation, as well as an explanation
2

of what, if any, changes were made to the original publication. Author contributions are detailed
for all previously published work. The final two Chapters will offer a conclusion and suggestions
for future work.

3

: Background
2.1 Electroactive Polymer Gels
Polymer smart materials have attracted large amounts of interest from the research
community over the past three decades due to their response to changes in external stimuli like
temperature, light, pH, and electric fields with large strains, high response rates, and high power
output [13]–[16]. They are light weight, quiet, easy to produce, and more pliable than traditional
materials when used as actuators [17]. Electroactive polymer actuators (EAPs) produce a
mechanical response when exposed to an electric field, and are particularly attractive for their
use as soft actuators and artificial muscles [18]. EAPs are typically categorized into two
categories: (a) ionic EAPs, which are generally driven by ion mobility and diffusion through the
polymer; actuated by localized swelling. (b) non-ionic EAPs which encompass all other
electroactive polymers, and are generally actuated through electrostatic mechanisms such as the
Maxwell stress [19]. Ionic EAPs include conducting polymer actuators (CPAs) and ionic-polymer
metal composites (IPMCs) among others. IPMCs exhibit large deformations at low voltage (1-3
V), but require hydration for actuation via ionic migration (which can cause issues with
electrolysis), and have relatively short lifespans [20]–[24]. Dielectric elastomer actuators
(DEAs), a type of non-ionic EAP, have received the majority of the area’s research focus because
of their large displacement, force output, and energy density [25]–[27]. DEAs are actuated by
the electrostatic Maxwell stress within the material, with high relative permittivity and electrical
breakdown strengths being critical for actuation [28]. While DEAs are promising for some
applications, they require high electric fields (~100 V/µm) and therefore high voltage (typically
>1kV minimum) for actuation, making them difficult materials to work with for many uses [29].
Similarly, hydraulically amplified self-healing electrostatic (HASEL) actuators have improved
even further upon this performance with very large displacement, output forces (up to 120kPa),
and actuation frequency, but require even higher voltages (often >10-15 kV) [30], [31].
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Electroactive polymer gels are a subset of electroactive polymer, notable for their
applications in soft robotics as artificial muscle actuators and sensors [32]–[34]. Gels are twocomponent systems which consist of a three-dimensional “rigid” polymer network, with a
dispersed liquid phase suspended between the solid matrix of polymer chains. A modeled
diagram of the two-component gel system can be seen in Figure 2-1.

Figure 2-1: A three-dimensional diagram of a gel structure, consisting of a
polymer matrix (green) with polymer crosslinking (blue spheres), and a
dispersed liquid phase (red spheres).

The dispersed liquid phase can be made with a plasticizer (as is the case with PVC gels),
water (hydrogels), gases (aerogels), or a variety of other liquid mediums [35]–[39]. Gels are
primarily characterized by their complex viscoelastic material properties and phase structure,
exhibiting both solid and liquid properties at both the macro and micro scales [40]. There are
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two primary types of gel structures. The first of these are irreversible gels, which are formed
through a chemical reaction, typically UV or thermal curing, causing a cross-linked structure
that cannot be reversed by further heating [41]. The group of reversible gels (which PVC gels
belong to), are formed through physical entanglement by secondary forces like hydrogen
bonding, crystallization, and ionic interaction [42]. Electroactive polymer gels allow for many of
the benefits of other EAP actuators to be realized without the high minimum voltages required
for actuation of DEAs (due to their low modulus), or constant hydration and lower maximum
voltages of IPMCs (as they do not suffer from issues with electrolysis). EAP gels have an innate
benefit over other smart materials as their low modulus and soft composition make them ideal
for soft robotic applications. However, many materials lack the quicker response times, high
coupling efficiency, and acceptable force output necessary in order to be preferable over the
alternatives for actuator applications [13], [43].
The majority of EAP gel research has been geared towards ionic polyelectrolyte gels (and
more specifically hydrogels), which actuate solely via ionic species’ migration under an electric
field [44], [45]. The function of these gels is typically driven by charges present on the backbone
of the polymer chains which have counterions that neutralize them at equilibrium, but upon
application of an electric field these counterions move towards the oppositely charged electrode,
resulting in swelling of the gel [46]. Solvent and water leakage of these gels is an inevitable
problem, making them unsuitable for actuation in air without major modifications [27]. Ionic
gels respond at very low voltages relative to DEAs (commonly <10V), but much like IPMCs, the
requirement for surrounding water, ionic liquids (ILs), or salt solutions, as well as having low
electromechanical coupling efficiency are significant constraints on the application space of
these gels [43]. Due to the downsides of ionic EAP gels, non-ionic EAP gels have been studied
more recently. PVDF based piezoelectric gels and various electrorheological gels (which change
viscoelastic behavior in response to electric stimuli) have been utilized as actuators in
vibrotactile devices [47], [48]. Poly(vinyl alcohol)-dimethyl sulfoxide (PVA-DMSO) gels, which
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were studied briefly at the end of the 20th century and beginning of the 21st, were the first
example of a non-ionic polymer gels [49]. These gels have interesting properties such as the
ability to actuate in air, but also downsides including high leakage current and low output stress
[50]. Similar to ionic EAPs, PVA-DMSO gels function by localized swelling, with charge injection
causing pressure differential driven solvent drag, and actuation [50]. PVA-DMSO gels studied by
Hirai et al. served as a direct precursor to the research on PVC gels in the early 21st century and
their subsequent applications as artificial muscles.
2.2 Background and Mechanism for Actuation
Plasticized PVC has been extensively studied for several decades, as it has numerous uses
in industry, and is one of the most widely produced polymer products on the planet [28], [51],
[52]. However, due to plasticized PVC’s low conductivity, it was overlooked as an electrically
active polymer. Uddin et al. first demonstrated the electroactive properties and actuation
capability of highly plasticized (far beyond ratios of what is normally used for other
applications) PVC gels [8]. PVC gels are fabricated by dissolving powdered PVC and a
corresponding plasticizer (typically dibutyl adipate [DBA]) in tetrahydrofuran (THF), and then
allowing the THF to evaporate leaving a homogenous physical gel that is generally between 200
and 1,000 mm thick. Plasticization increases the flexibility of the PVC by weakening the
interchain interactions, expanding the amorphous regions of the polymer, and increasing the
free volume within of the PVC matrix [53], [54]. Upon application of a DC field, the C-Cl bonds
are free to rotate due to weakened crosslinking interactions, while the plasticizer with its C=O
bonds, has been shown by Xia et al. to move towards the anode and create a thin layer with
increased plasticizer content, and a much lower modulus [10]. The buildup of negative space
charge on the anode has been confirmed in multiple studies and is believed to cause the
actuation of PVC gels via the Maxwell stress exerted on the space charge layer [55]–[57]. The
thickness of this layer has been tied to the applied voltage as well as the plasticizer content of the
gels [11]. Electrode polarization leads to very large values in the measured permittivity
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(dielectric constant) of the gels at low frequency [58]. This has at times been misinterpreted as
the gels themselves having extremely high dielectric constants but is actually caused exclusively
by the electrode polarization as a result of mobile charges being present in the gels [59]. In most
material characterization studies, this phenomenon is typically regarded as a source of
measurement error and an impediment for studying the inherent dielectric properties of
materials; in the case of PVC gels, it is integral to their function [59]–[62]. While this is the
current understanding of PVC gel actuation, a unifying theoretical model for their actuation is
still absent, and is a major barrier to the improvement of PVC gel actuators [19].
Additives have been used in recent years in order to improve various mechanical and
electrical properties of PVC gels. Hirai et al. investigated the addition of ionic liquids (ILs) in
PVC gels, finding low amounts of ILs [Cl-] lowers the elastic modulus and is highly beneficial to
actuation frequency and overall displacement, despite having a lower maximum space charge
density [56]. Shimoga et al. found that the addition of polyaniline (PANI) coated silicon dioxide
nanoparticles (SDNs) to a PVC gel was able to increase the permittivity of the PVC gels while
decreasing the dielectric loss, leading to improved vibrotactile actuation [63]. New studies have
shown functional multi-walled carbon nanotubes (FMWCNTs) have been able to improve gels’
electromechanical properties such as: response time, maximum strain, elastic modulus,
permittivity, dielectric loss, and thermal stability [64]. This was due to their conductivity and
their chemical compatibility with the PVC and DBA leading to increased hydrogen bonding
between the three components and reduction of the materials band gap with increasing
FMWCNT content [64].
The comparison between PVC gels and other actuators can be seen here. PVC gels
compare favorably with natural muscles, but their performance is below other smart materials
in some key areas (Figure 2-2). However, their main benefit comes from the areas where they
can operate, and other materials cannot. They have a much lower minimum operational voltage
(by 1-2 orders of magnitude) when compared to DEAs (Figure 2-3). While their long lifespan,
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quick response, and high maximum strain makes them preferable versus actuators such as
IPMCs and Conducting Polymers which are slower to respond, and only reliable for around
8,000 cycles (Figure 2-4). The also do not require temperature changes as with shape memory
alloys, nor bulky equipment as with most pneumatic and hydraulic actuators.

Figure 2-2: Ashby plot for stress-strain comparison of PVC gels to other
common actuators and natural muscle. PVC gels can be seen to compare
favorably to natural muscle, but are lacking in the area of output stress in
comparison to competing smart materials [19], [65]–[67].
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Figure 2-3: Spider plot for comparison of PVC gel actuators to DEAs. PVC gels
have advantages in cycle time and operating voltage over DEAs, along with
competitive cycle life [65], [68].

Figure 2-4: spider plot comparison of PVC gels to IPMC actuators. PVC gels
have a considerably shorter cycle time and maximum strain, with a much
longer cycle life than IPMCs [19], [67].
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2.3 Applications of PVC gels
PVC gels were initially found to show anodophilic actuation behavior by Uddin et al. in
2002, and it was immediately applied to bending actuators capable of large swift bending
motion [8]. The frequency response of bending actuators has been improved upon drastically in
the following decades, both with additives and material (plasticizer and polymer) optimization
[54], [56]. It has also been proposed for utilization in soft grippers [69]. The anodophilic
behavior of PVC gels allows for the creation of many structures which cannot be made with
other EAP materials (Figure 2-5). The anodophilic behavior was soon applied to contraction
actuators, these utilize a mesh anode which maximize thickness displacement by allowing the
gel to move into the mesh vacancies (Figure 2-6) [70]. Stacked contraction actuators were
successfully used to create a walking assistance device by Li et al. [7], [71], [72]. They have also
been used to produce a torsional braking system by Shibagaki et al. which was capable of
producing nearly half of the braking torque of electromagnetic brakes at under 1/5th of the
weight [73]. When the thickness of the gels is reduced and a compliant conductive silicone
grease is used for the electrodes, planar PVC gel actuators can achieve area strain performance
better than commercially available DEAs [68]. PVC gels have also shown promise as vibrotactile
actuators, with an ability to accelerate enough to provide meaningful tactile feedback to human
wearers [74]–[79]. Using circular electrodes (Figure 2-7) allows for the creation of lenses
through which the focal length can be controlled via electric field intensity [80]. Varifocal lenses
are an area of research that has been particularly active over the past decade, and is one of the
more promising applications, with a variety of lenses being developed including: lens arrays,
Fresnel lens, and double convex lenses [81]–[85]. Some studies have focused on the
development of electro-spun and woven yarn actuators, which show promise of having even
better performance than standard mesh-type contraction actuators [4], [76], [86].
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Figure 2-5: Diagram of a PVC gel bending actuator, exhibiting anodophilic
motion onto the anode. The bulk of the bending actuator is drawn over the
electrode by the moving edge, allowing for much larger maximum bending
angles than traditional bending allows.

Figure 2-6: Diagram of a PVC gel contraction actuator. The PVC gel
deformation occurs onto the anode, and the bulk of the gel moves into the gaps
in the anode mesh. This allows for larger contraction than a parallel plate
construction that is commonly used with traditional DEAs.
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Figure 2-7: Diagram of a PVC gel varifocal lens. The PVC gel naturally has
some curvature when the electrode is placed on top of it because of the pressure
of the electrode and the natural surface tension that occurs, the curvature can
then be altered through the application of an applied field, causing the gel to
move onto the outer anode ring and altering the focal length.

2.4 Modeling of PVC gels
While much research has been conducted on the mechanism of PVC gel deformation and
the use of PVC gels for a variety of actuator types and applications, much less has been done on
the modeling of PVC gels. Recently, some progress has been made towards electromechanical
modeling of PVC gel actuators, including equivalent circuit models, a model based on Hill’s
model for muscle contraction, and most recently a model for a bending actuator equating the
electrostatic energy to mechanical work [11], [73], [87]. These works have thus far been solely
focused on describing the empirical relation between input voltage/current and output
displacement/force. While these efforts have provided some useful insights, including the
measurement and prediction of actuation behavior in limited actuator types, a general model for
the deformation of PVC gels from fundamental physics basis has been missing from the field.
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2.5 Challenges in the Field
While PVC gels have great characteristics for use in actuators, there are still many
problems to be addressed which I have touched on here. The four challenges which pose the
greatest risk to PVC gels ability to be utilized in practical applications are:
1. No unifying theory for actuation
2. Lack of fundamental physics-based models to describe PVC gel actuation
3. Lack of a robust control system for the gels nonlinear response
4. High operating voltages
These challenges will need to be addressed if PVC gels are to be useful as actuators in functional
commercial or academic applications.
2.6 Objectives and Significance
The primary goal of this dissertation is to improve upon our understanding of PVC gels
actuation mechanism, and to use the underlying mechanisms of PVC gels to model and create
improved artificial muscle actuators. The specific objectives of this work towards that end are
summarized in Table 2-1 below, with more specificity in each category being given in the
following sections.
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Table 2-1: Overview of objectives for the investigation of PVC gel actuators.

Objectives

Mechanism investigation for improved
PVC gel actuator materials

Specifics
Material characterization
of PVC gels
(Ch. 3 and 5)
Study of plasticizer impact on
electromechanical properties of PVC gel
actuators
(Ch. 3)
COMSOL Multiphysics 2D parallel plate
geometry model
(Ch. 4)

Modeling of PVC gel actuators
COMSOL Multiphysics 2D
mesh contraction actuator
(Ch. 4)

Investigation of
PVC gel Additives

Create an improve artificial muscle
actuator through PVC gel additives
(Ch. 5)

Study of additive/conductive fillers
mechanism of performance enhancement
(Ch. 6)

2.6.1 Mechanism Study
A unifying theory for actuation would provide insight into the most important material
properties for actuation. It would give guidance for material improvements that could be made,
both in terms of the plasticizer modification and additives, but also in terms of the electrode
material and geometry. Herein, the current understanding of PVC gel actuation is used as a
starting point and investigate each of the processes involved. The proposed mechanism for PVC
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gels begins with voltage application to contacting electrodes, upon which charge injection occurs
at the cathode, and a hetero space charge forms near the anode. A hetero space charge is where
an accumulated charge in the gel is the opposite polarity of the neighboring electrode (negative
in the case of PVC gels). Simultaneously the plasticizer moves with the injected charges towards
the anode forming a soft layer at the anode surface. The charge buildup along with the softening
of the anode adjacent layer allows for large electromechanical transduction to occur and the gel
moves onto the anode, exhibiting so-called “anodophilic” behavior.
Thus far, the conduction process in PVC gels has been understudied, despite the
conduction of charges and formation of the space charge layer being critical to their mechanism
of actuation. These are addressed by characterizing the PVC gels’ electrical, thermal, and
mechanical properties (Chapter 3 and parts of Chapter 5), along with their electromechanical
response as actuators. The conduction mechanism in PVC gels is identified for the first time,
which can serve as the basis for future work in modeling and actuator improvement. The study
in Chapter 3 will also examine the effects of varying plasticizer content on the conduction and
dielectric relaxation processes in PVC gels. The objective of this research is to obtain a greater
understanding of PVC gel actuation and the relevant parameters for material improvement.
2.6.2 Modeling Study
There is a distinct lack of modeling efforts to fully capture PVC gel’s complex actuation
behavior. This is an impediment to the adoption of PVC gels as soft robotic actuators, as an
accurate model is required to properly enable active controls in practical applications, as well as
for the design of advanced actuator configurations. Modeling of more complex geometries with
finite element analysis (FEA) can be quite advantageous. FEA enables the ability to simulate
new actuator materials and configurations before they are actually developed, as well as to
predict how changes in an actuator may change its displacement and force output. This allows
for optimization of properties and determination of important parameters to achieve increased
output force, displacement, and to decrease response times. Parametric studies are one of the
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primary benefits of a finite element model. Additionally, a model which is closer to fundamental
principles will allow for mechanism hypothesis validation which is another area that is lacking
from the current literature. This work will describe a 2D finite element model in COMSOL
Multiphysics with simulations for a parallel plate configuration and a simple mesh-type
contraction actuator That is verified with experimental results. This will serve as a framework
for future variations of emerging interest in PVC gel actuators.
2.6.3 Improvement of PVC Gel Actuator via Additives
PVC gels have many promising properties as discussed above. However, the downsides
of low output stress and a high operating voltage has limited their use in many applications.
While some of this can likely be improved through polymer, plasticizer, and electrode
optimization, a large amount of this work has already been done previously and future
improvements are likely to be marginal. Given this, the most likely area for a breakthrough in
material property improvement is through the use of additives. Additives provide for the ability
to improve the most important parameters of PVC gels, after optimization through other means
(such as variation of plasticizer content and electrode geometry). In Chapter 5, the use of
graphene oxide (GO) to create a PVC gel artificial muscle with improved electromechanical
performance will be covered. This work provided the most significant increase in performance
enhancement of PVC gel contraction actuators through material additives at the time of
publication. It also was the first reported use of carbon nanofillers in PVC gel actuators. The
investigation in Chapter 6 provides a description of the performance improvement mechanism
of two promising gel additives, ionic liquids (ILs) and functionalized carbon nanotubes (CNTs).
The differences between the two in terms of electromechanical properties (displacement, force,
and response time) is clarified, with a recommendation made for optimal additive selection for a
few of the most common PVC gel actuator types. The learnings from this can be applied more
broadly to better inform additive selection for general actuator material improvement in the
future.
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: The actuation mechanism of electroactive polyvinyl chloride (PVC) gel
actuators: Electric modulus and cyclic linear voltage sweep
This Chapter includes a submitted journal paper for publication. The authors are Zachary Frank,
Mohammed Al-Rubaiai, Xiaobo Tan, Kwang J. Kim.
The paper discusses the fundamental mechanism for actuation of PVC gel actuators and
provides a thorough investigation of their impedance and dielectric properties and the
conduction mechanism of PVC gels [correlated barrier hopping (CBH)] is identified. The large
electrostatic adhesive force of PVC gels is discussed, and the paper develops a new method for
the characterization of PVC gel materials for use in actuation. The paper’s full citation is:
Frank, Z.; Al-Rubaiai, M.; Tan, X.; Kim, K.J. Study on the actuation mechanism of electroactive
polyvinyl chloride gel actuators through electric modulus and cyclic linear voltage sweep
(forthcoming).
ZF and KJK are from the Department of Mechanical Engineering at the University of
Nevada, Las Vegas, while MA and XT are from the Department of Electrical Engineering at
Michigan State University. Experiments were conceived by ZF, KJK, and XT. Data collection
done by ZF and MA. Data organization and manuscript preparation done by ZF. All of the
authors gave input on results and reviewed the manuscript.
3.1 Introduction
Polyvinyl chloride (PVC), typically an insulator, has been shown to have interesting
electroactive properties upon adding substantial amounts of ester-based plasticizers to form a
gel. Electroactive polymers (EAPs) are polymer materials that perform electromechanical
transduction; they have many possible applications as actuators in soft robotics for bioapplications and micro-electromechanical system (MEMS) devices, among others [14], [18],
[23]. Dielectric elastomer actuators (DEAs) are one of the most studied EAP actuators and have
been shown to be useful in manly applications [88], [89]. However, DEAs require high voltages
(generally multiple kilovolts) to produce the high electric fields (~ 100 V/µm) that are necessary
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for appreciable mechanical motion [29]. While actuator materials with lower driving voltages
such as conductive polymer actuators and ionic polymer-metal composites (IPMCs) exist, they
are often plagued by reliability issues (with <104 maximum cycles) and require constant
hydration [20], [90], [91]. PVC gels do not have these limitations. PVC gels are able to move in
air, produce large strains, and have high response rates compared to alternative smart materials
[12], [92]. PVC gel actuators exhibit large amounts of deformation and require lower electric
fields (~1-10 V/µm) than DEAs as their deformation is localized within a thin layer at the anode
surface [93]. This allows for PVC gels to be actuated in a variety of unique ways based upon the
gel and electrode geometries, such as in contraction, bending, and varifocal lens applications
[80], [83], [94], [95]. This actuation mechanism is entirely unique to PVC gels; its fundamental
principles have been the subject of much discussion and are not well understood at this time
[19]. Current theories suggest that the space charge layer that is formed near the anode
(confirmed by pulsed electroacoustic (PEA) measurements) is the cause of deformation [50],
[57]. Impedance and broadband dielectric spectroscopy have been used to understand the
polarization behavior of PVC gels [11], [59]. The primary focus has been on the bulk polarization
of the materials with attempts to correct for the electrode polarization (EP) of the gels, as EP is
generally considered a parasitic effect overshadowing the actual dielectric properties of the gel
[59]. While useful to show that EP is indeed occurring, the correction of EP via a blocking sheet
of polytetrafluoroethylene (PTFE) to shield the electrode and prevent electrical double layer
formation does not enhance the permittivity data. Rather, it simply leads to Maxwell-Wagner
polarization processes occurring between the two materials[62], [96]. The electric field
experienced by the gel is also altered such that little useful information can be drawn from it.
PVC gels are not simply dielectric actuators, and their actuation is not solely dependent upon
dipole rotation processes. While more recent work has focused on utilizing the dielectric
properties to inform electromechanical models, there is still a lack of focus in the literature on
the conduction properties of PVC gels [11], [97]. The conductivity of the gels and the formation
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of EP are important components of the actuation of PVC gels, and the insights gained from the
impedance spectroscopy are valuable for determining the effects of conductivity on the actuation
of the gels.
While the permittivity plots are useful and have led to great insights into PVC gel
behavior in previous studies, they fail to provide insight into the overall behavior in systems
with mobile charges. Electric relaxation is commonly viewed through this frame, where the
relaxation of the electric displacement field (D), varies with an applied electric field (E).
However, the contribution of long-range mobile charges, and subsequent EP, suppress other
relaxation processes [98]. For dielectrics that have mobile charges, such as PVC gels, viewing the
relaxation of E as a function of D may be more appropriate and lead to insights not yet
recognized in the case of plasticized PVC gel actuators [99]. This can be done through the use of
the formalism of electric modulus, which works as a direct analogy to mechanical modulus in
viscoelastic relaxation (with stress and strain being replaced by E and D, respectively) [100].
The electric modulus formalism allows for the spectral suppression of EP (as conductivity
dispersion occurs at higher frequencies than EP relaxation) and adds new insight into the charge
transport process characteristics within the gels.
In the present work, PVC gels with varying plasticizer ratios (1:0.5, 1:1, 1:2, 1:4, 1:6, 1:8
parts PVC to DBA by weight) are investigated. We aim to provide a more detailed look at the
permittivity and conductivity properties of PVC gels, with a focus on the charge transfer process
using the electric modulus formalism. The electrode polarization process is fit to Cole-Cole (CC)
and Debye models for dielectric relaxation [101]. The charge transfer within PVC gels at high
voltage is analyzed through a cyclic linear voltage sweep and the results are compared with the
mechanical deformation in both a bending actuator and a mesh contraction actuator. Lastly, the
electrostatic adhesive force of the PVC gels is measured.
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3.2 Methods
3.2.1 Materials and Preparation of PVC gels
PVC gels were made from pure polyvinyl chloride powder (Mw = 233,000 g mol-1, Mn =
99,000 g mol-1), dibutyl adipate (DBA) (MW = 258.38 g mol-1) plasticizer, and tetrahydrofuran
(THF) solvent (with 20ml of solvent/gram of PVC) purchased from Sigma-Aldrich Co. One-part
PVC was mixed with X-parts DBA plasticizer by weight (gels will be referred to as PX, e.g., P4,
P6, P8, etc.) at 30°C for 24 hr. The gels were then cast in a glass petri dish (10 cm diameter) and
the THF was evaporated over 4 days at room temperature. The thickness of the PVC gels
measured as approximately 1 mm for all samples. The gels were then cut to a specified size.
3.2.2 Spectroscopy Measurements
Impedance spectroscopy measurements were used for characterization of the PVC gels’
impedance, conductivity, and dielectric properties. Measurements were taken using an LCR
meter (ET4510, East Tester) with an alternating current (AC), a frequency range of 10Hz to
100kHz (5 points/decade), and a 1V signal amplitude. The PVC gel samples (30 mm diameter)
were placed between two 25.4 mm (smaller than gel diameter to minimize capacitive edge
effects) stainless steel parallel plate electrodes. A load cell was used to maintain consistent (low)
contact force (Appendix Figure C-1).
3.2.3 Electrical and Electromechanical Response
The voltage input was produced with a signal generator (SDG-1025, Siglent
Technologies), and high voltage amplifier (609E-6, TRek). The responses were analyzed using a
data acquisition system (DAQ-6510, Keithley Instruments), and a load cell (GSO-100,
Transducer Techniques) was used to ensure consistent force across samples (Appendix Figure
C-2). Copper electrodes were used, and all measurements were taken at room temperature
(17°C). For the bending displacement response, a 15×2×1 mm (length parallel to the electrodes ×
width parallel to the electrodes × thickness) gel was sandwiched between two copper electrodes
(with 10×2 mm2 initial contact area). The contraction actuator utilized a copper foil cathode and
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mesh anode (20 wires/inch) as shown in Figure 3-1. A laser displacement sensor was used to
measure the displacement of the actuators (optoNCDT-1401, Micro-Epsilon). The equipment
and measuring setup can be seen in Appendix Figure C-3.

(a.)

(b.)

(c.)

Figure 3-1: (a.) PVC gel bending actuator before (left) and after (right) an
applied voltage. (b.) Photo of the same mechanism. (c.) Contraction actuator
before (left) and after (right) an applied voltage.

3.2.4 Electrostatic Adhesion Force
The electrostatic adhesive force is measured by determining the force of detachment for
a PVC gel placed in contact with two electrodes (test setup in Appendix Figure C-4). Due to the
lack of electrostatic adhesion to the cathode (which experiences no electrode adjacent
accumulation of charge and thus only initial contact adhesion), contact with the cathode is
necessary to create a continuous injection of charges into the material to maintain the adhesive
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force at the anode. A holder which maintains the position and cathode contact is used. The gel is
then loaded with increasing mass and slowly lifted (1 mm/s). This is repeated until detachment
occurs, and the load cell is recorded to determine the final adhesion strength of the PVC gels at a
given voltage.
3.3 Results & Discussion
3.3.1 Impedance Spectroscopy
The AC complex impedance (𝑍 ∗ ) for PVC gels can be analyzed with electrochemical
impedance spectroscopy (EIS) to view their electrical behavior. This, along with the following
sections covering the permittivity, electric modulus, and conductivity spectra of PVC gels will
allow for quantitative description and analysis of their conduction and electrode polarization
relaxation process. The Argand diagram for PVC gels with varying plasticizer content can be
seen in Figure 3-2. The plot is a plot of 𝑍 ∗ in the complex plane with real (𝑍′) and imaginary (𝑍′′)
components plotted as the x and y axes over a range of frequencies. The frequencies increase
from form right to left (indicating a lower 𝑍′′ with increasing frequency). The 𝑍 ∗ Argand plot for
PVC gels has an inclined line at low frequencies with a semicircle intercepting the real
impedance axis at higher frequencies. This PVC gel behavior, without bias voltage, can be fit to
an equivalent circuit (Figure 3-2 inset) which corresponds to an electrical double-layer
capacitance at the interface between the gel and the electrodes (seen as the inclined line at lower
frequencies), along with a parallel capacitance and resistance associated with the charge
transport from the alternating electric field. There is also a series resistance which represents
the electrode resistance at very high frequencies (offset of the real impedance of the semicircles
from 𝑍 ′ = 0, although this is quite low compared to the overall impedance of PVC gels). From
Figure 3-2, P4 has the largest semi-circle diameter, with the size declining for increasing
plasticizer content. This indicates an increasing conductivity with plasticizer content, as will be
discussed later in section 3.3.4.
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Figure 3-2: Argand plot for complex impedance for P4, P6, and P8 gels. (Rs,
Rbulk, Cbulk, CEP are the resistance of the electrodes, resistance and capacitance of
the bulk gel, and the capacitance associated with the electrical double layer
during electrode polarization)

3.3.2 Permittivity Spectra
The impedance measurements also allow for the determination of the dielectric
properties of PVC gels. The relative permittivity (𝜀 ′ ) of PVC gels is the real portion of the
complex permittivity (𝜀 ∗ ) and corresponds to the amount of charge that is stored within the gel
via dipole interactions with the electric field. The dielectric loss (𝜀 ∗ ) is the imaginary portion of
𝜀 ∗ and represents the energy lost within the material due to the alternating electric field, both by
the resistance of dipoles to rotation and to the flow of charges through the material [direct
current (DC) conduction]. Both 𝜀 ′ and 𝜀 ′′ can be found from the frequency-dependent
impedance through the relationships in Equation ( 3-1 ):
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𝜀 ∗ = 𝜀 ′ − 𝑗𝜀 ′′ = (

𝑍 ′′
𝑍′
−
𝑗
)
(
)
𝜔𝐶0 |𝑍|2
𝜔𝐶0 |𝑍|2

( 3-1 )

where 𝜔 is the angular frequency (𝜔 = 2𝜋𝑓), and 𝐶0 is the free space capacitance (𝐶0 =

𝜀0 𝐴
;
𝑑

𝐴

and 𝑑 are electrode contact area and gel thickness, respectively). The comparison of relative
permittivity and dielectric loss for PVC gels with varying plasticizer content can be seen in
Figure 3-3.
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Figure 3-3: Permittivity comparison for PVC gels with varying plasticizer
content; A transition behavior can be seen in the behavior of P2

The permittivity of the PVC gels increases substantially at lower frequencies exhibiting
low-frequency dispersion. The increase in 𝜀′ occurs at the same point as the inclined line seen in
the Argand plot of PVC gel impedance (Figure 3-2). Both the C-Cl on the PVC matrix chains as
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well as the Carboalkoxy (RCOOR’) functional group in the adipate plasticizer are polar and
contribute to the increased polarity of the overall gel. The relative permittivity of pure PVC is
low (generally < 4) and frequency-independent due to its rigidity preventing the rotation of its
dipoles in an electric field. With the addition of plasticizer, the free volume within the gel is
increased, resulting in a larger amorphous portion of the matrix and weakening of polymer
chain crosslinks, facilitating free dipole rotation and leading to an increased permittivity for the
overall composite gel [102]. However, the extreme permittivity increase seen in PVC gels at
lower frequency is not related to the dipole rotation of the PVC and DBA alone, but rather
caused by EP (specifically near the anode), as has been confirmed by Ali et al. through the
measurement of the space charge distribution using the pulsed-electroacoustic method [59]. The
EP is a result of charge migration through the PVC gel matrix as well as the segmental motion of
the matrix itself. This behavior is specifically tied to the combinatory effects of the added liquid
phase plasticizer. A transition can be seen in low plasticizer content plasticized PVC (P05, P1,
and P2), from the relative permittivity behavior of the pure PVC, which is constant (and low)
with regards to frequency, to the low-frequency dispersive behavior seen in PVC gels (P4, P6,
and P8). The increase in the permittivity and dielectric loss is found to be dependent upon the
amount of plasticizer, with increasing plasticizer content leading to higher permittivity and
dielectric loss, this is due to the increased motion of charges (conductivity) brought on by the
higher amorphous phase of the gel and lower attraction between the polymer backbone and the
individual plasticizer molecules.
3.3.3 Electric Modulus Spectra
The dielectric properties of PVC gels has been studied in depth by multiple groups in the
past, however the electric modulus of PVC gels has not [11], [93]. The electric modulus (𝑀∗ ) is
the inverse of 𝜀 ∗ . While the same information is technically present in both plots, the use of
electric modulus allows for the identification and analysis of the relaxation of conductive
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charges, which cannot be seen in the 𝜀 ∗ spectra alone. The complex-valued electric modulus is
defined as:

𝑀∗ =

1
𝜀′
𝑗𝜀 ′′
=
+
= 𝑀′ + 𝑗𝑀′′
𝜀 ∗ (𝜀 ′ 2 + 𝜀 ′′ 2 ) (𝜀 ′ 2 + 𝜀 ′′ 2 )

( 3-2 )

with real and imaginary parts 𝑀′ and 𝑀′′ , respectively. The conductivity relaxation frequency
(𝜔𝑚 ) occurs at the maximum of 𝑀′′ , giving the most probable conductivity relaxation time (𝜏𝑀 )
[103]. 𝜏𝑀 gives the time when most of the charge carriers are able to react to the oscillating field
′′

𝑍
and move out of their localized potential wells. When 𝑓 > 𝑓𝑚𝑎𝑥
,the charge transport is

dominated by local short-range motion, as the charges move only via trap-controlled hopping
within localized potential wells, and the C-Cl and C=O dipoles are unable to fully orient
themselves in the direction of the field before the polarity of applied voltage reverses.
Comparing 𝑀′′ and 𝑍 ′′ , 𝑀′′ can be related to the long-range electric relaxation of the
material, while 𝑍 ′′ is related to the local relaxation of dipolar entities.

𝑀′′ = 𝑍 ′ (

𝜔𝜀0 𝐴
)
𝑑

𝑍′′ = 𝜀 ′ |𝑍|2 (

( 3-3 )

𝜔𝜀0 𝐴
)
𝑑

( 3-4 )

′′

𝑀
When 𝑓 < 𝑓𝑚𝑎𝑥
the charges have time to migrate through the material and the long-range

motion of charges occurs.
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Loss Modulus Comparison
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Figure 3-4: (left) Electric loss modulus M’’ comparison for varying plasticizer
content. (right) M’’, normalized to frequency peak.
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Figure 3-5: Normalized Z’’ and M’’; P1 - closed markers, P4 – open markers.
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The fact that the loss modulus spectra in Figure 3-4 shows only a small shift in 𝜔𝑚 with
increasing plasticizer content beyond P4 implies that the long-range electric relaxation
mechanism in P4-P8 is not significantly altered and there is very little conductivity dispersion
(only one relaxation time exists), irrespective of further increases in plasticizer content. This is
not however the case for P1 gel, where we see that 𝜔𝑚 is significantly shifted towards lower
frequencies in comparison to the higher plasticizer content PVC gels. Comparing the peak for P1
versus P4-P8 significantly broadening is visible [more easily seen in the normalized graph of 𝑀′′
and log(𝜔) in Figure 3-4], which indicates a large deviation from Debye-relaxation (for which
the full width at half-maximum (FWHM) is 1.144) and a range of relaxation times within the
material [104]. It is also possible to see this transition by looking at the overlap of the
normalized 𝑀′′ and 𝑍 ′′ spectra for P1 and P8 (Figure 3-5). For PVC gel systems (P4-P8), the 𝑀′′
and 𝑍 ′′ curves (and underlying relaxation processes) can be seen to follow the same curve, with
′′

′′

𝑀
𝑍
𝑓𝑚𝑎𝑥
≈ 𝑓𝑚𝑎𝑥
. This is not the case for all systems with mobile charges in general (and in fact it can

be seen from P1 that it is not the case in low plasticizer PVC gels either), and indicates that the
long range motion of charges is the dominant form of charge transfer within PVC gels as
′′

′′

𝑍
𝑀
opposed to localized motion. Note that 𝑓𝑚𝑎𝑥
≤ 𝑓𝑚𝑎𝑥
, will always hold; larger differences between

the two indicates the dominance of localized charge hopping as the mechanism for conduction
in P05-P2) [105]. The overlap in P4-P8 gels in Figure 3-5, and the narrow peak (FWHM ≈ 1.144)
in Figure 3-4, also indicates that the electrode polarization process in these gels can be viewed as
a Debye-like relaxation. This means that the addition of plasticizer allowed for facile conduction
through the gels that is not possible for simply plasticized PVC (such as P05 and P1). This is a
relatively surprising outcome if one is viewing the system as a purely insulating dielectric
process (as both PVC and DBA are polar molecules, and each would be expected to have a
substantial effect on the relaxation process in the other, as is seen for P1) but with the addition
of enough plasticizer, the process can be viewed as a conductive one rather than a purely
dielectric one. The electric modulus formalism provides a new view of the conduction and
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dielectric polarization process within the gels and is a more explicit illustration of the transition
behavior with increasing plasticizer content, which was previously only able to be loosely
understood by looking at the permittivity alone [59].
3.3.4 Conductivity Spectra
The DC and AC conductivities (𝜎𝐷𝐶 and 𝜎𝐴𝐶 , respectively) of the gels were analyzed to
determine the steady-state and transient conductivity behavior of the PVC gels. The conductivity
of the gels has two parts, the first being related to the DC conductivity of the gels which is
frequency-independent, and the second part being a frequency-dependent portion. The plateau
of the conductivity versus frequency curves (Figure 3-6), is equal to σDC. Above this plateau the
conductivity can be seen to be exponentially dependent upon frequency, with the frequencyconductivity relation being described by Jonscher’s power law [106]:

( 3-5 )

𝜎𝐴𝐶 (𝜔) = 𝜎𝐷𝐶 + 𝐴1 𝜔 𝑠

σAC is the frequency-dependent AC conductivity, 𝐴1 is a pre-exponential constant, 𝜔 is
the angular frequency (2πf), and s is a power law exponent (0 < 𝑠 < 1).
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Figure 3-6: Sample conductivity plot for P4 gel

σDC can also be seen visually as the diameter of the semicircle formed by the low and high
frequency intercept of 𝑍 ∗ with the real impedance axis (where 𝑍 ′′ reaches a local minimum).
Additionally, the dielectric loss for the materials at low frequencies can also be seen to follow a
similar response.

( 3-6 )

𝜀 ′′ (𝜔) ∝ 𝜔𝑛−1

The electrical properties of the gels studied can be seen in Table 3-1 (located after section 3.3.6).
For n, the closer the values are to approaching 1, the more accurately the relaxation
approximates Debye relaxation. P1 is seen to have over 2 orders of magnitude lower conductivity
than P4, indicating a large change in the resistance of the gel to charge motion. Note that the
conductivity of P4 gels is also 4 orders of magnitude greater than is typical for pure PVC and
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approximately 2 orders of magnitude above pure DBA, pointing to the complex interaction
between the two materials. Below the frequency range measured here (<10Hz), it has been
reported that the conductivity of PVC gels shows a steep decrease related to the increasing
charge buildup and EP at the gel-electrode interface, as is common in systems with mobile
charges, only the start of this process can be seen here in the conductivity spectra of the gels at
lower frequencies [58].
The conductivity for P4 was measured in an insulated oven a range of temperatures
(from 313 K to 383 K). From Jonscher’s power law (Equation ( 3-5 )), the exponent 𝑠 can be seen
as the slope of the line in the log 𝜎 versus 𝑓 graph. The change in 𝑠 over a range of temperatures
can be used to determine the conduction mechanism in the material [107]–[109]. The AC
conductivity of P4 for increasing temperature can be seen in Figure 3-7. The slope can be seen to
decrease with increasing temperature in the gels, with the onset of conductivity relaxation
shifting to higher frequencies. This points to correlated barrier hopping (CBH) as the primary
conduction mechanism in the gels [110]. This mechanism is based upon the movement of charge
carriers through thermal activation between overlapping potential wells. Ions move between the
overlapping potential wells, and either show back hopping to their initial state, or move forward,
forming a new potential well with an increased back hopping barrier height [107]. space charge
layer can form when a voltage is applied, and the charge carriers are able to efficiently move
through the gel before being blocked at the anode. Deep trapping may lead to the inability of
carriers to either be extracted or diffuse back into the bulk of the gel leading to the formation of
space charge and subsequent electromechanical transduction.
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Figure 3-7: Conductivity versus frequency for P4 over a range of temperatures.

3.3.5 Cole-Cole and Debye Fitting
The dielectric loss tangent, tan(δ), is an easier relaxation to see in the current spectrum
than 𝜀 ′′ as it suppresses conductivity, and the peak maximum is shifted to a frequency in the
measured range. The relaxation observed in the permittivity spectra is related to the EP of the
material. The tan(δ) corresponding with this polarization process can be fit with the CC
Equation ( 3-7 ) [101], [111], [112].

∗
𝜀𝐸𝑃
= 𝜀𝑟 +

𝜀𝐸𝑃 − 𝜀𝑟
1 + (𝑗𝜔𝜏𝐸𝑃 )1−𝛼

( 3-7 )

1
sinh((1 − 𝛼)𝑥)
𝜀′ = 𝜀𝑟 + (𝜀𝐸𝑃 − 𝜀𝑟 ) [1 −
𝛼𝜋 ]
2
cosh((1 − 𝛼)𝑥) + sin ( 2 )

( 3-8 )

𝛼𝜋
cos ( 2 )
1
𝜀′′ = (𝜀𝐸𝑃 − 𝜀𝑟 )
𝛼𝜋
2
cosh((1 − 𝛼)𝑥) + sin ( 2 )

( 3-9 )
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tan 𝛿 =

𝜀 ′′
𝜀′

( 3-10 )

∗
𝜀𝐸𝑃
is the frequency-dependent permittivity associated with the electrode polarization process,

𝜀𝐸𝑃 is the low frequency value of the measured relative permittivity, 𝜀𝑟 is the high frequency
value of 𝜀 ′ , while 𝜏𝐸𝑃 is the time constant associated with the electrode polarization process (x is
equal to ln(𝜔𝜏𝐸𝑃 )). The exponential fitting parameter for the CC equation, 𝛼, is indicative of how
close a given process is to true Debye relaxation (where 𝛼 = 0 for Debye relaxation). The
diagram in Figure 3-8, shows a perfect Debye relaxation compared to a CC relaxation. The
fitting parameter 𝛼, and how it relates to the depression of the semicircle seen in the 𝜀 ∗ spectra
can also be seen.

Figure 3-8: Diagram of Debye polarization (𝛼 = 0) and CC polarization
depressed semicircle indicative of a symmetric distribution of relaxation times
(𝛼 > 0).
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It has previously been reported that the EP process of PVC gels prevents the fitting of a
relaxation model, as the permittivity does not seem to have the characteristic semi-circular
shape expected for Debye-like relaxations that is seen in Figure 3-8 [59]. The reason for this is
that the EP time constant, 𝜏𝐸𝑃 , falls well outside of the range that is generally measured for
broadband impedance spectroscopy. Given this, when looking at a proper CC plot (wherein the
axes are of equal sizing such that a semi-circle appears appropriately), it can easily seem as
though the permittivity data produces a nearly vertical line. However, Figure 3-9 shows that the
polarization can be fit with a CC model and that the full relaxation semi-circle (Figure 3-9 inset)
is much larger than one would initially expect from a standard dielectric relaxation, leading to
this misconception. It should be noted that the relaxation is not a dielectric orientation process,
but rather a function of charge transfer within the gel, so in terms of the “true” bulk permittivity
the original assertion is still correct; however, that is not the primary concern in the case of PVC
gel actuators. The alternative method, using a blocking sheet of PTFE, does not enhance the
permittivity data as it simply leads to a Maxwell-Wagner polarization processes occurring
between the two materials and the electric field experienced is also altered such that no useful
information can be drawn from it [96].
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Figure 3-9: (Left) CC Plot for P8 gel with CC fitting. (Left Inset) Zoomed out
version of the same plot to see the entire modeled line. (Right) Scaled ε* plot for
optimal visibility of fitting and values.

The α value obtained for tan(δ) fit is extremely small for P4-P8 gels, indicating a Debye-like fit.
The primary issue with the use of tan(δ) however is the measurement uncertainty at the high
values seen in P4-P8 gels is quite large (as a small change in the measured impedance phase
angle θ leads to a very large change in tan(δ)). The tan(δ) plot for P05-P8 gels with uncertainty
can be seen in Figure 3-10. Given this, not much can be said about the differences in
tan(δ)between P4-P8 gels, beyond the fact that as a group they have a more uniform relaxation
than P05-P1 and a transition can be seen in the P2 tan(δ) spectrum. The uncertainty in the
measurement of the electric modulus however is much lower (as it is performed at higher
frequencies and values of the phase shift θ are higher) and can also be fit with CC, and the
conductivity dispersion time can also be related to the polarization time and permittivity ratio as
seen in Equation ( 3-12 ) (full derivation of CC in 𝑀∗ spectra in Appendix C) [100].
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𝑀 ∗ = 𝑀∞ −

𝑀∞ − 𝑀𝐸𝑃
′ )1−𝛼
1 + (𝑗𝜔𝜏𝑀

1

′
𝜏𝑀

( 3-11 )
𝛼

𝜀𝑟 1−𝛼
𝜀𝑟 1−𝛼
= [𝜏 ( ) ] = 𝜏𝑀 [( ) ]
𝜀𝐸𝑃
𝜀𝐸𝑃

( 3-12 )

Where 𝑀∞ is the electric modulus at high frequencies, when only short-range localized
1

conduction is present (i.e. 𝑀∞ = 𝜀 ), MEP is the electric modulus after electrode polarization (i.e.
𝑟

1

′
𝑀𝐸𝑃 =𝜀 ), and 𝜏𝑀
is a modified conductivity relaxation time for relaxations that are better fit by
𝐸𝑃

the Cole-Cole equation as opposed to a Debye relaxation (α = 0). In the case of P4-P8 gels, the
peaks were able to be sufficiently described by a Debye distribution (α ≈ 0) i.e.

𝑀∗ = 𝑀∞ −

𝑀∞ − 𝑀𝐸𝑃
1 + (𝑗𝜔𝜏𝑀 )

𝜏𝑀 = 𝜏𝐸𝑃 (

( 3-13 )

𝜀𝑟
)
𝜀𝐸𝑃

( 3-14 )

The loss tangent can be viewed as a function of the ratio of frictional energy of charge transfer to
the thermal energy of the gel as it is a function of the Debye layer thickness (derivation in
Appendix C) [113].

2
(tan 𝛿)𝑚𝑎𝑥
∝

𝑈𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛
𝑑
𝐷𝜂
∝
𝑜𝑟 [
]
2𝜆𝑑 𝑘𝐵 𝑇
𝑈𝑡ℎ𝑒𝑟𝑚𝑎𝑙

( 3-15 )

Note that this analysis only applies when the peak is Debye-like, and that, while the
correlation may exist for P05-P2, the derived relation in Equation ( 3-15 ) does not apply very
well to lower plasticizer content materials (P05-P2) which have a substantial distribution of
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relaxation times (as analyzed from the 𝑀′′ peak comparison in Figure 3-4) in the gel leading to a
much broader and less distinct peak. Increasing plasticizer content of the gels leads to a
decrease in the relaxation times of the material (faster motion of charges) and a decrease in the
double layer thickness, indicating an increased frictional resistance to charge motion. Material
properties and dielectric fitting parameters can be seen in Table 3-1.
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Figure 3-10: (left) tan(𝛿) comparison for gels with varying plasticizer content
(with error bars). (right) electric loss modulus (with error bars). Conductivity
relaxation times can be seen in Table 3-1
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Table 3-1: Electrical property summary of PVC gels (majority of properties for P05 were not measurable in the
tested frequency range).

Sample

𝛔𝐃𝐂

(S/cm)

𝝎𝒕𝒂𝒏𝜹
𝒎𝒂𝒙

𝐭𝐚𝐧(𝜹)𝒎𝒂𝒙

𝛕𝐄𝐏
(s)

𝜺𝐄𝐏

𝛕𝐌
(s)

(Rad/s)
Out of
range

Out of
range

Out of
range

6.9×100

7.79×10-4

𝛂
0.269

P1

2.95×10-10

P2

5.25×10-9

116

16.9

0.32

2.21×104

4.99×10-5

0.0103

P4

2.01×10-8

220

50.7

0.66

1.43×105

2.30×10-5

4.8×10-3

P6

2.85×10-8

331

54.0

0.48

1.68×105

1.64×10-5

4.6×10-3

P8

3.84×10-8

409

52.1

0.42

2.03×105 1.38×10-5

5.2×10-3
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For 𝑀 ′′ fit only

For tan 𝛿/CC fit
For tan 𝛿/CC fit
For tan 𝛿/CC fit

n
0.753±0.006
0.889±0.009
0.978±0.004
0.988±0.002
0.991±0.001

3.3.6 Cyclic Linear Voltage Sweep
The current of PVC gels was monitored with a linear varying electric potential to analyze
the effects of sweep rate on the current response. The voltage applied to a PVC gel in a parallel
plate configuration was linearly swept from -500 V up to 500 V and back down. The effect of
varying the voltage scan rate can be seen in Figure 3-11.
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Figure 3-11: i-V plot for the response of a P6 gel to cyclic linear voltage sweep
for varying sweep rates

The i-V curves in Figure 3-11 is linear up to a point where the current can be seen to form
a distinct peak at a specific voltage before rapidly declining. This is due to the charges, which are
initially polarized at one electrode, taking a substantial amount of time to migrate towards the
opposite electrode after a polarity reversal. The current peak can be seen to shift to a higher
current (and voltage) value with an increasing voltage scan rate (Figure 3-11: i-V plot for the

40

response of a P6 gel to cyclic linear voltage sweep for varying sweep rates Figure 3-11 and Table
3-2). However, the total charge transferred (calculated from Equation ( 3-16 )) was found to be
constant for a given PVC gel, indicating that the amount of charge moving through the gel upon
subsequent sweeps was unchanged by the scan rate. This means that after the first scan (where
initial charge injection occurs at high voltages), the number of charge carriers in the gel remains
relatively unchanged. Additionally, the charge stored was also found to be negatively correlated
with the maximum loss tangent for the PVC gels, with P6 storing the least amount of charge.

𝑄=

1 𝑡𝑝𝑒𝑎𝑘
∫
𝑖 𝑑𝑡
𝐴 𝑡0𝑉

( 3-16 )

Table 3-2: P6 cyclic linear voltage sweep peak properties.

Scan Rate
V/s
0.75

ipeak
μA

Vpeak
V

42.5

120.5

2.53

1.0

49.4

132.9

2.50

1.5

60.8

163.1

2.56

2.0

71.6

192.5

2.84
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Q
mC/cm2

Table 3-3: Cyclic Linear Voltage Sweep Comparison by plasticizer content.

Sample

ipeak,0.75V/s
μA

Vpeak,0.75V/s
V

Qavg
mC/cm2

P4

45.0

146

3.74 ± 0.20

P6

42.5

133

2.55 ± 0.16

P8

47.4

155

3.52 ± 0.15

The leakage current of the system can be compensated for through the dynamic leakage
current compensation (DLCC) method [114]. The current measured at adjacent frequencies can
be used to compensate for the leakage current (which should be independent of the voltage scan
rate), to separate it from the current due to capacitive effects (displacement current) and space
charge migration (which is taken to be linearly dependent upon frequency as a first
approximation). This can be combined with the switching of bipolar and unipolar waveforms to
determine the coercive voltage and to separate the current caused by charge migration and
space charge accumulation from the capacitance and leakage current.

𝑖𝑡𝑜𝑡𝑎𝑙 = 𝑖𝑅 + 𝑖𝑐 (𝜔) + 𝑖𝑠𝑤𝑖𝑡𝑐ℎ (𝜔)

( 3-17 )

𝑖𝑐 (𝜔) = 𝑉 ∗ (𝑗𝜔𝐶)

( 3-18 )

𝑖𝑅 is the leakage current associated with the DC resistivity of the material, 𝑖𝐶 is the current read
as a result of bulk capacitive effects in the gels, and 𝑖𝑠𝑤𝑖𝑡𝑐ℎ is the current from space charge
transfer between the electrodes. The frequency dependence of 𝑖𝐶 and 𝑖𝑠𝑤𝑖𝑡𝑐ℎ allow for the current
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to be rewritten as Equation ( 3-19 ), and the difference between the two frequencies can be
found to be Equation ( 3-20 ) and used to find the compensated current for 𝜔1 .

0
𝑖𝑡𝑜𝑡𝑎𝑙 (𝜔) = 𝑖𝑅 + 𝜔𝑖𝐶0 + 𝜔𝑖𝑠𝑤𝑖𝑡𝑐ℎ

( 3-19 )

0
Δ𝑖 = (𝜔2 − 𝜔1 )(𝑖𝐶0 + 𝑖𝑠𝑤𝑖𝑡𝑐ℎ
)

( 3-20 )

𝑖𝑐𝑜𝑚𝑝 (𝜔) =

𝜔
[𝑖(𝜔2 ) − 𝑖(𝜔1 )]
𝜔2 − 𝜔1

( 3-21 )

0
𝑖𝐶0 and 𝑖𝑠𝑤𝑖𝑡𝑐ℎ
are frequency independent constants corresponding to 𝑖𝐶 and 𝑖𝑠𝑤𝑖𝑡𝑐ℎ , respectively.

When 𝜔2 = 2𝜔1, the compensated current equation simplifies to Equation ( 3-22 ).

0
𝑖𝑐𝑜𝑚𝑝 (𝜔1 ) = (𝜔1 )(𝑖𝐶0 + 𝑖𝑠𝑤𝑖𝑡𝑐ℎ
)

( 3-22 )

The compensated current removes the leakage current effects from the system, allowing for
determination of the polarization change within the material (i.e., through dielectric
polarization and the motion of space charge throughout a cycle). The peak polarization value
may be able to be used as a proxy for direct measurement of space charge in the gels, but this
will be left to future studies. The compensated current for P6 gels with 1 V/s can be seen in
Figure 3-12. The maximum transferred charge between different scan rates is nearly identical,
but the peak current, and the coercive voltage at which the peak current occurs, increased with
scan rate. The polarization value here can be thought of as the maximum polarization of the
material from its initial electrostatically neutral state where no electric field is applied. The total
charge present should be equal to the magnitude of the space charge layer that is developed at
the anode, which is the primary driver of PVC gel actuation. This method provides a simple way
to find an easily measurable scalar value associated with the total polarization of the gels, but
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with a much easier and less costly process than the direct measurement of space charge through
PEA or similar methods.
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Figure 3-12: Compensated i-V and P-V plots for P6 at 1 V/s.

A 1 kV – 1 V/s linear voltage sweep for PVC gels was performed while measuring the
displacement of both a bending actuator between parallel plate electrodes (Figure 3-13) and a
contraction actuator utilizing a mesh anode and plate cathode (Figure 3-14). In the case of the
bending actuator, the takeaway is quite clear. The actuator is initially at rest as the charge is
moved through the gel, and then upon reaching the electrode the current is seen to peak at the
exact time that bending actuation begins. The peak tip displacement occurs at the 1 kV voltage
peak before declining with the voltage ramp on the way back down. Similarly, in the case of the
mesh contraction actuator, the current can be seen to increase linearly until it peaks, and
deformation begins. However, in the case of the mesh actuator, the sudden deformation leads to
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a rapid increase in the anode contact area. This can be seen as a large spike in the current
followed by the expected decline.
These plots show that the peak current during the linear sweep corresponds to the onset
of actuation within the PVC gels, before the switching polarization no actuation is seen, and
when the linear scan rate is too high the gels fail to actuate (despite technically being well above
their traditional actuation frequency as described for unipolar actuation with a DC voltage). This
is evidence of the following theory: prior to the actuation of the gels, the electrical energy is
almost entirely lost to the movement of charges through the gel (conduction), only once the
charge has reached the opposite electrode and formed a layer of space charge can the gel
actuate. Therefore, any model that seeks to describe the full electromechanical transduction of
PVC gels, needs to account for not only the complex actuation of the gels with the assumption of
a space charge region which has already formed a distinct DBA rich layer (as has been described
in various studies) but also for the history-dependent hysteresis of the gels actuation [10], [11],
[115]. This is particularly important in applications where the gel might be usefully actuated in
multiple directions such as a multi-directional bending actuator [95].
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Figure 3-13: i-t and x-t plots for a bending actuator with a 1 kV – 1 V/s voltage
sweep.

0.2

0

0.0

Current (µA)

20

0

500

Displacement (mm)

P4 - Contraction

1000

Time (s)

Figure 3-14: i-t and x-t plots for a mesh contraction actuator with a 1 kV – 1 V/s
voltage sweep.
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3.3.7 Electrostatic Adhesion
Electrostatic adhesion originates from the coulombic force between either two electrodes
or, more commonly for most applications, an electrode and an initially neutral substrate [116].
In the most common configuration, two flat electrodes are placed side by side and separated
from each other and the substrate by an insulator. An AC voltage applied (switching between the
two). This induces charges on the surface and allows for an attractive force to maintain contact
between the two surfaces. In the case of PVC gels however, the accumulation of negative charges
within the PVC gels near the anode creates an attractive force to the opposing positive charges
on the conductive electrode surface. The electrostatic adhesive force only occurs on the anode
due to the asymmetric formation of space charge near it in comparison to the cathode. The PVC
gels have an initial tackiness that increases with plasticizer content and serves to further
increase the force of adhesion. This mechanism of electrostatic adhesion allows for high forces
at low voltages to be achieved, but also limits the use of PVC gels to conductive substrates.
The electrostatic adhesion force for PVC gels (seen in Figure 3-15 shows a large increase
above approximately 200 V, and quickly begins to level off after. This is believed to be caused by
a large amount of energy being stored with initial increases in voltage, with a screening effect
occurring at higher voltage values leading to the asymptotic maximum electrostatic adhesion
observed. A sharp transition can be seen to occur within the gels from P1 to P2, with P1 having
very low adhesion and P2 having the highest of the unmodified gels. This is believed to be due to
the fact that in P1 an insufficient amount of charge is able to be transferred to form an effective
space charge layer due to the low conductivity of the gel. P2 gels are also where the mole ratio of
the primary functional groups in PVC (C-Cl) and DBA (RCOOR’) is ~1 (mole ratios available in
the supplementary). Whether this particular correlation is relevant to the ability of charges to
move through the gel and develop a space charge will be the subject of further study.
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Figure 3-15: Electrostatic adhesion force for P1-P8 gels.

The correlation of the electrostatic adhesion in the gels with the measured charge
transferred before space charge development (Table 3-3) points towards the measurement of
coercive voltage through a linear voltage sweep as a novel method for electromechanical
characterization of PVC gels. The electrostatic adhesion force may be described similarly to that
of the electrostatic force (derived by Izadi et al.) used by geckos that occurs during contact
electrification. In the case of PVC gels, however, the charge density is generated from the flow of
current and space charge formation with an applied voltage rather than by contact electrification
phenomenon [117]

𝐹𝐸𝑆 = −

𝐴𝜎𝑠2
2𝜀0 𝜀𝑟,𝑒𝑞

( 3-23 )
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𝑑𝑎𝑖𝑟 + 𝑑𝑆𝐶𝐿 𝑑𝑎𝑖𝑟 𝑑𝑆𝐶𝐿
=
+
𝜀𝑟,𝑒𝑞
𝜀0
𝜀𝑟

( 3-24 )

Where FES is the electrostatic adhesive force, σs is the surface charge density, A is the
anode contact area, dSCL is the space charge layer thickness, and dair is the thickness of the air
gap between the gel and the electrode. This explanation can account for the correlation found
between electrostatic force and the charge transfer polarization found in section 3.3.6, and with
space charge as reported by Ali et al. [118]. The air gap in the case of PVC gels is expected to be
almost negligible due to the compliance of the soft gel surface. This would mean that the space
charge layer and the permittivity of the material are the primary controllable variables for
optimization of PVC gels’ electrostatic adhesion force. Some applications of the electrostatic
adhesion described here could include a compliant electrostatic chuck, a combined gripper
(utilizing anodophilic bending actuators in conjunction with electrostatic adhesion), and wall
climbing robots (an analysis of a proposed wall-climbing robot utilizing PVC gels can be seen in
Appendix E.2).
3.4 Conclusion
Herein, the conductivity and dielectric characteristics of PVC gels were investigated. The
electric modulus formalism was applied in PVC gels for the first time, and the long-range motion
of charges was shown to be the dominant mode of charge transfer within PVC gels through the
normalized 𝑀′′ and 𝑍 ′′ relaxation curves. The conduction process was analyzed, and correlated
barrier hopping was determined to be the primary conduction mechanism of PVC gels. This
indicates that the addition of plasticizer was able to allow for a much more thorough relaxation
of the material, changing the relaxation process from a primarily insulated dielectric one (for
pure PVC) to a primarily conductive one. The trapping of charges at the anode in deep potential
wells may be the origin of the space charge layer which is critical to PVC gel actuation.
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The modulus and tan(𝛿) show significant sharpening of their peaks with increasing
plasticizer content, indicating a smaller distribution of conductivity relaxation times indicating a
more uniform conduction process. The tan(𝛿) spectra were used to fit CC plots for the EP
process, and for P4-P8 gels the 𝑀′′ spectra were utilized to fit a Debye relaxation curve in order
to determine the characteristic polarization and conductivity relaxation times. These are critical
for understanding the actuation response times of PVC gels, both in unidirectional applications
(where a voltage is repeatedly applied to the same electrode) and in future multidirectional
applications (such as in multidirectional bending with polarity reversal). A cyclic linear voltage
sweep was run on various PVC gels, and a switching current peak was found corresponding to
the charges in the gel reaching the opposite electrode. The onset of actuation was found to
correlate directly with the peak, indicating that the electrical energy upon polarity reversal is
initially lost to charge migration (conductivity), and only once the space charge has reached the
anode and formed a layer of increased charge density (seen as electric field screening in the i-t
curves in section 3.3.6), does electromechanical transduction and subsequent actuation onto the
occur. The peak electrostatic adhesive force was found for P1-P8 gels and was found to be
correlated with the peak charge transferred during the linear voltage sweep as well as the
maximum tan(𝛿), indicating that a linear voltage sweep may be used as a possible method for
electromechanical characterization of PVC gels.
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: Physics-based modeling study of PVC gel contraction actuators
This Chapter includes partial work and figures from an invited paper on
electromechanical modeling of PVC gels; presented at the ASME – Dynamic Systems and
Controls Conference (DSCC) in Salt Lake City, Utah in October 2019. The dissertation author is
1st author on this work other authors are Zakai Olsen, Taeseon Hwang, and Kwang J. Kim. The
Derived work presented here is printed with permission from the copyright holder ASME (All
copyrights included in appendices). The paper’s full citation is:
Frank, Z., Olsen, Z., Hwang, T., & Kim, K.J. (2019, October). Modelling and experimental study
for PVC gel actuators. DSCC2019-9100 in Proc. DSCC. Salt Lake City, UT. DOI:
10.1115/DSCC2019-9100.
The goal of this work is to produce a working physics-based electromechanical model
which can predict the actuation behavior of PVC gel based upon electrical input from
fundamental principles. The paper discusses how an electromechanical model was developed
and experimentally verified for contraction actuators (both with a mesh anode, and with a
parallel plate configuration). A full sample model for the mesh type contraction actuator is built
in COMSOL Multiphysics 5.6 (seen in Appendix G).
4.1 Introduction
4.1.1 Background
PVC gel actuators are a type of electroactive polymer which have been heavily
investigated in recent years and have attracted great research interest. The first forays into the
area were initiated in the early 2000’s by Uddin, Watanabe, Shirai, and Hirai with a study of
bending actuators with extraordinary strain capabilities. PVC gels exhibit anodophilic
deformation when in contact with oppositely charged electrodes [119]. This deformation can be
used as a mechanism for various actuator types including bending, contraction, varifocal lenses,
and vibrotactile actuators [8], [70], [77], [80]. This long (yet not exhaustive) list of actuator
types that can be produced utilizing the anodophilic motion of PVC gels is evidence of the
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extensive customizability of PVC gels based upon the manipulation of electric field, plasticizer
content, and most importantly electrode configuration/surface microstructure. The deformation
of the gel onto the anode is clearly demonstrated in Figure 4-1 which shows a gel with and
without, an electric field applied.

1
1 mm

Anodophilic
Deformation

Figure 4-1: A plate type contraction PVC gel actuator in unactuated (top) and
actuated (bottom) states. In the top photo, the gel shows no deformation and is
simply placed between two copper electrodes, upon application of 1 kV, the gel
shows anodophilic deformation, moving onto the upper electrode (anode).

deformations. While the actuator in Figure 4-1 does exhibit some level of contraction under an
applied electric field, utilizing a mesh anode instead of a flat plate anode leads to much larger
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displacements for the overall actuator as the gel moves into the voids within the mesh. This
actuation behavior can be seen in Figure 4-2.

0.84 mm

Figure 4-2: A PVC gel showing deformation into the gaps of a mesh grid with
(left) and without (right) an electric field of 1.5 kV/mm. The anode mesh is
initially placed on top of the gel, and upon application of an electric field, the gel
deforms around the anode, moving into the mesh vacancies and creating a
contractile motion.

The underlying mechanism for PVC gel actuation is not entirely understood but is
believed to be closely related to the charge injection and plasticizer migration within the gel [55].
While C-Cl bonds in PVC and the C=O bonds in the DBA are reoriented under an electric field
(polarization), the DBA has also been shown to move towards the anode with the anionic
current [118]. As the DBA accumulates on the anode, a distinct soft plasticizer rich (PR) layer
can be seen to form [10]. This layer has a higher resistance than the bulk layer of the PVC gel,
and a space charge concurrently develops, which allows for the electrical energy applied to the
gel to be efficiently converted to mechanical work due to the Maxwell stress generated in the PR
layer [11].
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4.1.2 Motivation
While there has been some investigation into the mechanisms behind PVC gel
deformation, and the research into the design of PVC gel actuators is quite extensive, relatively
little has been done in the way of PVC gel modeling. This poses an issue for the adoption of PVC
gels as soft robotic actuators, as a working model is a necessary prerequisite for the control of
gel actuators in this context. Hashimoto et al. have made some progress in the
electromechanical and electrochemical modeling of PVC gel actuators in recent years, including
models based upon equivalent circuits, Hill’s muscle modeling, and most recently the
conversion of electrostatic energy to the mechanical work for a bending actuator [11], [72], [73].
While these models have provided some valuable ability to measure and predict the actuation of
PVC gels for specific actuator types, a more general model capable of describing and predicting
the deformation of PVC gels from fundamental theory does not yet exist. This ability to model
more complex geometries utilizing finite element software is quite advantageous. It means that
many types of actuators that have not yet been investigated could be modeled and optimized for
displacement or force output without fabrication of the actuator beforehand. This ability to
optimize deformation utilizing parametric studies of various actuator types and geometries is an
invaluable tool for the evolution of PVC gels and their uses. In addition, modeling will give
further indications as to the accuracy of the underlying physics behind the electromechanical
transduction that occurs in PVC gels under an electric potential. Herein, we seek to make a step
towards a physics-based model in order to facilitate the control and actuation of more complex
PVC gel actuators in electromechanical systems.
4.2 Physics-Based Model Framework
4.2.1 Space Charge and Electrostatic Actuation
The model was based upon the accumulated space charge near the anode due to the
migration of plasticizer leading to the formation of a PR layer with higher resistivity than the
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bulk of the gel. The law of charge conservation indicates that the space charge accumulation (𝜌)
over time in the material is related to the change in current density (𝑱).

𝜕𝜌
+∇∙𝑱=0
𝜕𝑡

( 4-1 )

When a steady state is realized, the material forms a bilayer structure with a thin layer forming
that has a differing resistivity from the bulk.

Figure 4-3: Plate-type actuator with bilayer formation.

Steady state implies a constant current through the material (i.e., 𝑖𝑃𝑅 = 𝑖𝑏𝑢𝑙𝑘 ). The electric field
(𝑬) in the material is described by the gradient of the electric potential (𝑉) as shown in
Equation ( 4-2 ).

( 4-2 )

𝑬 = −∇ ∙ 𝑉

The difference in the electric field developed in the two regions is defined by the current flow
and resistance (𝑬𝒃𝒖𝒍𝒌 = 𝑖𝑅𝑏𝑢𝑙𝑘 =

𝑖𝜌𝑏𝑢𝑙𝑘
𝐴𝑏𝑢𝑙𝑘

and 𝑬𝑷𝑹 =

𝑖𝑅𝑏𝑢𝑙𝑘
𝑑𝑏𝑢𝑙𝑘

=

𝑖𝜌𝑆𝐶𝐿
).
𝐴𝑆𝐶𝐿

Given this it becomes clear that

the high resistivity PR region of the gel will produce a larger voltage drop (and hence a larger
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electric field). The steady state is reached only after the accumulation of space charge in the PR
layer. This can be derived from the constitutive relationship between the electric displacement
(𝑫) and electric field as shown in Equation ( 4-3 ), and the divergence theorem shown in
Equation ( 4-4 ).

𝑫 = 𝜀𝑟 𝜀0 𝑬

( 4-3 )

∇∙𝑫=𝜌

( 4-4 )

𝜀𝑟 and 𝜀0 are the relative permittivity and vacuum permittivity, respectively.
In general dielectric materials actuate via the Maxwell stress. For a precursory analysis
considering a parallel plate configuration, the deformation occurs due to the electrical energy at
each electrode which develops from treating the material as an ideal capacitor Equations ( 4-5 ) ( 4-7 ).

𝐴
𝑑

( 4-5 )

1
𝑊𝑒 = 𝐶𝑉 2
2

( 4-6 )

𝐶 = 𝜀𝑟 𝜀0

𝝈𝒆𝒙𝒕 =

1
𝑉 2 1
𝜀𝑟 𝜀0 ( ) = 𝜀𝑟 𝜀0 𝑬2
2
𝑑
2

( 4-7 )

where 𝐶 is the capacitance of the dielectric, 𝑊𝑒 is the electrical energy, and 𝝈𝒆𝒙𝒕 is the external
stress on the material (Maxwell stress) which causes deformation.
The electromechanical model herein is driven primarily by the Maxwell stress that is
developed within the PR layer of the material under an applied electric field. In PVC gels the
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𝑉
𝑑

space charge leads to the potential drop occurring over a much smaller distance ( increases)
than in a traditional dielectric material, this is the origin of the deformation of PVC gels and the
reason why they can actuate at lower voltages than dielectric elastomer actuators (DEAs). While
this demonstrates why PVC gels have more favorable actuation properties than DEAs, the
complexity of moving from the energy to a model of actual displacement of the gels (specifically
as the PR region is also a function of the applied field) requires a general form for the Maxwell
stress tensor.
4.2.2 Maxwell Stress Tensor
The form in which the macroscopic Maxwell stress tensor is expressed has been debated
throughout literature but a generally accepted definition is the Minkowski stress tensor [120];
expressed in component form as Equation ( 4-8 ).

1
𝜎𝑖𝑗 = 𝐸𝑖 𝐷𝑗 + 𝐻𝑖 𝐵𝑗 − (𝐸𝑘 𝐷𝑘 + 𝐻𝑘 𝐵𝑘 )𝛿𝑖𝑗
2

( 4-8 )

where 𝑖 and 𝑗 subscripts represent components of the Maxwell stress tensor (𝝈), electric field
(𝑬), electric displacement field (𝑫), magnetic field (𝑩), and the magnetizing field (𝑯), while 𝛿𝑖𝑗 is
Kronecker’s delta which is equal to 1 when 𝑖 = 𝑗, but is otherwise equal to 0. The choice of form
for the Maxwell stress may lead to different predictions under the same material model [120],
[121]. It has been shown that with a proper accounting of the contributions of material and
electromagnetic energy, the division of the two, and hence choice in the form of the Maxwell
stress, is arbitrary [121]. In the case of PVC gels where only electrostatics is present and no
permanent magnetization is present (𝑯 is assumed zero), the tensor becomes the electrostatic
Maxwell stress tensor, represented here as the external stress on the gel (𝝈𝑒𝑥𝑡 ) seen in Equation
( 4-9 ) .
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(𝐸𝑥2 −

𝐸𝑥2 + 𝐸𝑦2 + 𝐸𝑧2
)
2

𝝈𝑒𝑥𝑡 = 𝜀𝑟 𝜀0

𝜀𝐸𝑥 𝐸𝑦
(𝐸𝑦2 −

𝐸𝑥 𝐸𝑦
𝐸𝑥 𝐸𝑧

[

𝐸𝑥 𝐸𝑧

𝐸𝑥2 + 𝐸𝑦2 + 𝐸𝑧2
)
2

𝐸𝑦 𝐸𝑧
(𝐸𝑧2 −

𝐸𝑦 𝐸𝑧

𝐸𝑥2 + 𝐸𝑦2 + 𝐸𝑧2
)
2
]

( 4-9 )

where subscripts of 𝑬 represent the component of the field in the subscript direction.
4.2.3 Development of the Hyperelastic Material Model
While many materials can be represented as linear elastic materials, PVC gels are soft
elastomers which can experience large deformations during actuation. Given this, the material is
represented in our model using a hyperelastic constitutive model, where the stress-strain
behavior is nonlinear. For linear elastic materials, Hooke’s law Equation ( 4-10 ) is used to relate
the stress and strain.

𝜎11
2𝜇
𝜎22
𝜆
𝜎33
𝜆
𝜎12 = 0
𝜎23
0
[𝜎13 ] [ 0
𝜇=

𝜆
2𝜇 + 𝜆
𝜆
0
0
0

𝜆
𝜆
2𝜇 + 𝜆
0
0
0

0
0
0
𝜇
0
0

0
0
0
0
𝜇
0

0 𝜖11
0 𝜖22
0 𝜖33
0 𝜖12
0 𝜖23
𝜇] [𝜖13 ]

𝐸
𝜈𝐸
; 𝜆=
(1 + 𝜈)(1 − 2𝜈)
2(1 + 𝜈)

( 4-10 )

( 4-11 )

𝐸 is the Young’s modulus, 𝜈 is Poisson’s ratio, while 𝜆 and 𝜇 are the Lamé parameters and are
material dependent elastic moduli. Specifically, the second Lamé parameter, 𝜇, is the material
shear modulus. The first Lamé parameter, 𝜆, is related to the bulk modulus (𝜅) and the second
2
3

parameter (𝜇) through (𝜆 = 𝜅 − 𝜇).
For simple plate-type contraction actuators, we used a neo-Hookean material model.
This allows for better capture of the non-linear stress-strain behavior exhibited by PVC gels
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when compared to a linear elastic material model. The neo-Hookean material model is a direct
extension of Hooke’s law into the hyperelastic domain, first developed by Rivlin [122]. The
assumptions for a neo-Hookean model (namely, the crosslinked polymer chains are free to move
in relation to each other) hold for lower strains the plate-type actuator as the material strain is
quite low in this case. As such, the strain energy density (𝑊𝑠 ), (true) strain (𝝐), and stress (𝝈)
within the material can be described by Equations ( 4-12 ) – ( 4-14 ), respectively.

𝑊𝑠 = 𝐶1 (𝐼1 − 3 − 2 ln( 𝐽𝑒𝑙 )) + 𝐷1 (ln( 𝐽𝑒𝑙 ))2

( 4-12 )

1
1
𝝐 = (𝑭𝑇 𝑭 − 𝑰) = (𝑪 − 𝑰)
2
2

( 4-13 )

1
𝝈 = 4𝐶1 (𝝐 − tr(𝝐)𝑰) + 2𝐷1 𝑡𝑟(𝜖)𝑰
3

( 4-14 )

𝐶1 and 𝐷1 are material constants, 𝑭 is the deformation gradient tensor, 𝑪 is the right CauchyGreen deformation tensor (𝑭𝑇 𝑭), 𝐽𝑒𝑙 is the elastic volume ratio (𝐽𝑒𝑙 = det(𝑭) = 𝜆1 𝜆2 𝜆3 ).
Comparing with Hooke’s law in 3 dimensions Equation ( 4-10 ), to ensure consistency with
𝜇

𝜆

linear elasticity at small strain values, 𝐶1 and 𝐷1can be equated to 2 and 2, respectively.
𝜇

𝜆

Substituting 2 and 2 into Equation ( 4-12 ) yields the scalar valued strain energy density as a
function of material properties seen in Equation ( 4-15 ).

1
1
𝑊𝑠 = 𝜇(𝐼1 − 3) − 𝜇 ln( 𝐽𝑒𝑙 ) + 𝜆(ln( 𝐽𝑒𝑙 ))2
2
2

( 4-15 )

While this material model works for most PVC gel actuator configurations, we seek a
more general material model capable of capturing both the non-linear elastic behavior (as with
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the neo-Hookean model), while also allowing for us to account for the limited extensibility of the
polymer chains within the PVC matrix which comes into play at higher material strains. For this
we expand to a Gent material model, which is used in our study of mesh contraction actuators
and should provide a usable basis for expansion into other actuator geometries (note that the
Gent material model produces a similar result to the neo-Hookean material model in the
parallel plate actuator, as the strain limiting portion of the Gent material model is only present
with larger deformations). The Gent material model is a hybrid mechanistic and
phenomenalistic model which limits the assumed chain extensibility at high deformations to
account for observed behavior that is not included in the more basic neo-Hookean model. This is
used here to generalize the model such that it can be used to describe wider range of geometries
and materials at higher applied fields. The strain energy density is defined as Equation ( 4-16 )
for the Gent material model.

𝜇
𝐼1 − 3
1
𝑊𝑠 = − ln (1 −
) + 𝜅( 𝐽𝑒𝑙 − 1)2
2
𝐽𝑚
2

( 4-16 )

where 𝐽𝑚 is a material constant based upon the principal stretches of the material and is
determined experimentally via tensile testing for maximum elongation.
4.3 COMSOL Model Implementation
4.3.1 Physics Implementation
The Maxwell stress tensor can be implemented as an external Cauchy stress tensor (𝝈𝒆𝒙𝒕 )
within COMSOL acting on the PR layer and input as Equation ( 4-17 ) (this equation is simply a
restatement of Equation ( 4-9 ) with more convenient notation).
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𝟏
𝝈𝑒𝑥𝑡 = 𝜀𝑟 𝜀0 𝑬 ⊗ 𝑬 − 𝜀𝑟 𝜀0 (𝑬 · 𝑬)𝑰
𝟐

( 4-17 )

Where ⊗ and · are the cross and product operators, respectively. COMSOL calculates stress
interactions based upon the initial reference configuration of the material, and thus the external
spatial stress tensor created from Equation ( 4-17 ) must be mapped from the current
configuration as the gel deforms. This transformation between a Cauchy (spatial) stress tensor
and a second Piola-Kirchoff (material) stress tensor (𝑺𝒆𝒙𝒕 ) is shown in Equation ( 4-18 ).

( 4-18 )

𝑺𝒆𝒙𝒕 = 𝐽𝑒𝑙 𝑭−𝟏 𝝈𝒆𝒙𝒕 𝑭𝑇

where 𝑭−𝟏 and 𝑭𝑻 are the inverse and transpose of the deformation gradient tensor (𝑭).
The total stress for the gel (𝑺) can be seen to be the summation of the external Maxwell stress
𝜕𝑊𝑠
).
𝜕𝝐

(𝑺𝒆𝒙𝒕 ) and the stress from material deformation (

This is calculated as the total second

Piola-Kirchoff stress in Equation ( 4-19 ).

𝑺 = 𝑺𝒆𝒙𝒕 +

𝜕𝑊𝑠
𝜕𝝐

( 4-19 )

The true stress tensor (𝝈) for the gel can be found by using the inverse transformation of that
used in Equation ( 4-18 ). This transformation to the second Piola-Kirchoff stress and the
Cauchy stress in the material can be seen in Equation ( 4-20 ).

−1
𝝈 = 𝐽𝑒𝑙
𝑭𝑺𝑭𝑇

( 4-20 )
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4.3.2 Simulation Methods – Parallel Plate Example Study
The geometry, meshing, and simulation of the model described here, were implemented in
COMSOL Multiphysics 5.6. Two-dimensional plane strain finite element simulations were
performed, and the Solid Mechanics and Electrostatics COMSOL physics modules were used to
couple the Maxwell stress to the solid mechanics. The Maxwell stress was coupled to the solid
mechanics physics using an external Cauchy stress tensor related to the applied electric field, as
described in Equation ( 4-17 ). The boundary conditions utilize a fixed anode, with a movable
cathode (which is used for measurement of overall actuator contraction). The electrodes are
assumed rigid, and the anodophilic deformation is implemented as a roller constraint is used
along the anode-gel interface (i.e., 𝒖 ∙ 𝒏 = 0, where 𝒖 is the material displacement tensor and 𝒏
is the unit normal vector to the surface, this is equivalent to restricting motion in the direction
normal to the anode surface). A time-dependent study was used in COMSOL to allow for
ramping of the applied voltage, better convergence, and to allow for adaptive remeshing of the
model. However, neither the electrostatics, nor the solid mechanics equations have time
dependent terms. Thus, the model should be interpreted as a model of PVC gels actuated at a
steady state for a given voltage and not as a ramped voltage over time. The material properties
and model parameters utilized in the model are taken from literature and our experimental
setup configuration. These values can be seen in Table 4-1.
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Table 4-1: Material properties and model parameters for plate-type P8 gel
actuator.

MATERIAL PROPERTY/
MODEL PARAMETER

VALUE

Young’s modulus [15]

11 kPa

Plasticizer-Rich Layer
Maximum Thickness [9]

20 µm

Maximum Space Charge Density [119]

250 C/m3

Gel dimensions
[config.]
Relative Permittivity, 𝜀𝑟
[measured]

10x15x0.5 mm3
6

To simulate the plasticizer rich layer within the PVC gel, the model geometry was split into two
distinct layers, one representing the bulk layer of the gel and one representing the plasticizer
rich layer (Figure 4-4). The PR layer thickness and space charge density in the PR region are
ramped linearly with the applied electric field. The space charge distribution arises as a result of
the resistance change in the plasticizer rich layer. For this model, we use a sinusoidal space
charge distribution (as has been measured through pulsed electroacoustic (PEA) methods [55]).
The model is made symmetric about the vertical midline of the gel to decrease solving time. The
model is sparsely meshed along the length of the actuator and utilizes a set node distribution
along the edges with the plasticizer rich layer having a denser mesh. Prior to mesh selection a
mesh refinement study was done to ensure mesh independence (with < 0.1% change in
maximum deformation for a doubling in degrees-of-freedom). The mesh for this model can be
seen in Figure 4-5.
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Figure 4-4: Plate-type actuator geometry (left: full view; right: zoomed).

Figure 4-5: Model meshing for the plate-type actuator.

64

4.3.3 Simulation Methods – Mesh-Type Contraction Actuator
The properties for the mesh type contraction actuator in the model are taken from
literature for a P4 (1:4 PVC to DBA ratio) gel actuator (the same PVC:DBA ratio was utilized in
our experiments) and all model parameters are set to correspond with our experimental setup
configuration and can be seen in Table 4-2. The boundary conditions were identical to those
utilized in the plate type actuator model with a fixed anode and roller constraints along the
anode-gel interface. To simulate the PR layer within the PVC gel, a Boolean operator was
implemented to define the PR layer thickness based upon the distance from the mesh anode.
When the element nodes are within the range of the defined PR layer thickness from the anode,
the material properties are defined by the PR layer. While nodes further from the anode take on
the property values of the bulk gel. This general framework can be utilized not only for this
model, but for any future modeled actuator geometries such as in bending or varifocal lens
models, with both electrical (space charge, resistivity, permittivity) and mechanical (Young’s
modulus, density, etc.) properties being controllable. The sinusoidal space charge is ramped
linearly with time (same as in the plate model). The model is a representative cross-section of a
mesh-type actuator. A representative area containing the gel located between two electrodes is
modeled for numerical efficiency, with symmetry boundary condition being used to simulate the
rest of the gel.
Initially, a set node distribution is implemented at the anode gel interface (40 triangular
elements) and at the top of the gel (100 triangular elements) with an “extra fine” free triangular
mesh (min. element size of 2.47E-8, max. element size of 6.58E-6, max. element growth rate of
1.2, curvature factor of 0.25). implemented for the rest of the mesh. Due to a high level of
deformation at higher actuation voltages, adaptive remeshing was implemented to account for
the high deformation of the plasticizer rich layer of the gel. The adaptive remeshing was
implemented based upon an error estimate from the 𝐿2 norm of the dependent variable, V. At
each solver output step, the newly deformed mesh was analyzed for satisfaction of the quality
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criteria, and remeshing was conducted if necessary. Along each anode-gel interface boundary,
40 triangular elements were placed prior to any mesh refinement and remeshing steps.

Figure 4-6: Initial meshing for the mesh-type contraction actuator (top: full
view; bottom: zoomed).
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Table 4-2: Material properties and model parameters for mesh-type P4 gel actuator parametric studies (studied
parameter in green).

Young’s
Modulus, 𝐸

Thickness

134, 106, 88,
75, 65, 58

100

100

90

90

90

90

Young’s Modulus (kPa)

30

30

25, 50, 75, 100,
125, 150, 175, 200

30

Gel Thickness (mm)

0.2

0.2

0.2

0.20, 0.25, 0.30,
0.35, 0.40, 0.45,
0.50

PR layer
Max. Thickness (µm)

30

30

30

30

Max. Space Charge Density
at 2 kV/mm (C/m3) [55]

450

450

450

450

Relative Permittivity, 𝜀𝑟

6

6

6

6

MODEL PARAMETER

Baseline (Exp.
Comparison)

Mesh Gap
Parametric
Sweep

Mesh Size (wires/inch)

100

Mesh Diameter (µm)
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Parametric
Sweep

Parametric
Sweep

4.4 Experimental Methods
4.4.1 Fabrication of PVC Gels
PVC gels were made from pure polyvinyl chloride powder (Mw = 233,000 g mol-1, Mn =
99,000 g mol-1), DBA (MW = 258.38 g mol-1) plasticizer, and THF (with 20ml of solvent/gram of
PVC). One part PVC was mixed with four parts DBA by weight (gel will be referred to as P4) at
30°C for 4 hr. The gels were then cast in a glass petri dish and the THF was evaporated off at
room temperature before testing.
4.4.2 Experimental Setup
Our experiments utilized a woven copper mesh with a mesh size of 100 (wires/in), and a
wire diameter of 90 µm as the anode for testing of mesh-type actuators and copper tape for our
cathode. The electromechanical displacement response was taken using our testing setup
consisting of a laser displacement sensor (optoNCDT-1401, Micro-Epsilon), a signal generator
(SDG-1025, Siglent), a high voltage amplifier (609E-6, Trek), and a data acquisition system
(DAQ-6510, Keithley Instruments).
The PVC gel was placed in between the mesh anode and the foil cathode and actuated at
voltages of 80 V-400 V DC (in 80 V increments) and measured with a laser displacement sensor.
Contraction displacement is measured after actuator was fully contracted and reached a steady
position (generally < 1 second), with average and standard deviation values used (seen in Figure
4-14). The setup for this testing can be seen in Figure 4-7, with a full diagram of the setup visible
in the appendix (Figure C-8)
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Figure 4-7: Experimental setup for PVC gel mesh-type contraction actuator.

4.5 Results and Discussion
4.5.1 Results & Discussion – Plate-Type Actuator Simulation
We derived a finite element model of the electromechanical characteristics of PVC gel
contraction actuators to determine their deformation as a function of the applied electric
potential. This system can be described as a coupled system of electrostatics and solid
mechanics. The plate-type actuator was simulated for an electric field of 0 to 2 kV/mm, and the
electric potential within the gel at maximum deformation (at 2 kV/mm) for this can be seen in
Figure 4-8. The majority of the potential drop occurs near the anode as expected. The simulated
bulk contraction and maximum gel displacement (which occurs along the edge of the anode-gel
interface) can be seen in Figure 4-9 and Figure 4-10, respectively.

69

Figure 4-8: Maximum displacement for a plate-type actuator overall (left) and
at the deforming edge (right) at 1 kV.

Figure 4-9: Contraction of a P8 plate-type actuator from 0 to 1 kV.

70

The dimensions for this model are the same as those used in the actuator utilized by Xia,
Takasaki, and Hirai [119] who also tested a 0.5mm thick PVC gel from 0 to 1 kV for maximum
deformation (values from their study can be seen as the red marks in Figure 4-10). Our model
agrees relatively well with these results although the variation in parallel plate configurations is
highly variable based upon factors such as the mass of the electrode, electrode surface
properties, and even initial positioning of the gel (such as if there is any induced strain during
placement of the gel or electrode).

Figure 4-10: Anodophilic deformation along the anode for a P8 plate-type
actuator from 0 to 1 kV (simulation – blue line; experimental data from [119] –
red markers).

4.5.3 Results & Discussion – Mesh-Type Actuator Simulation
The mesh-type actuator was simulated with an applied electric field of 0 to 2 kV/mm.
This model included adaptive remeshing due to the high levels of deformation experienced by
the gel mesh at the anode interface. The model deformation can be seen in Figure 4-11. The
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contraction percentage for the overall actuator (including the mesh and foil electrodes) and
maximum deformation of the PVC gel for this mode can be seen in Figure 4-12 and Figure 4-13,
respectively.

Figure 4-11: Maximum displacement for a 0.2 mm mesh-type actuator at
1 kV/mm; overall (top) & deforming edge at the mesh anode (bottom).
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Figure 4-12: Contraction for 0.2 mm gel mesh-type actuator from 0 to 2
kV/mm.

Figure 4-13: Maximum deformation along the anode for a mesh-type
contraction actuator from 0 to 2 kV/mm.
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The contraction behavior for the mesh-type PVC gel model can be compared to the
experimental values for a mesh-type contraction actuator. This comparison can be seen in
Figure 4-14. The simulated values compare well with the experimental values for the PVC gel
with the largest error being less than 12 µm, and a root mean squared deviation (RMSD) of 8%
from the experimental values. This error can be attributed to our model not being a perfect
representation of an actual mesh, which is woven rather than a perfectly flat grid, which could
possibly be remedied using a 3D finite element model.

Figure 4-14: Simulated and experimental contraction behavior for a 0.2 mm
mesh-type actuator (0-2 kV/mm).
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4.5.4 Parametric Study on PVC Gel Actuation
The actuation behavior for a mesh-type PVC gel contraction actuator was investigated
via parametric study utilizing the model developed above with an applied field ranging from 0 to
2 kV. Multiple parameters were investigated, including: i) Young’s modulus of the gels, ii) anode
mesh size (through variation of mesh gap width), and iii) overall gel thickness.
The variation of Young’s modulus can be seen in Figure 4-15. The model showed
improved actuation with lower modulus at the same voltage. Generally, the primary way that
PVC gels are modified is by altering the plasticizer content of the gel, which changes the Young’s
modulus along with other important properties such as the permittivity and conductivity.
Additional DBA decreases the Young’s modulus of the PVC gel as the plasticization increases the
free volume of the polymer leading to a softer material. Given this, decreasing the Young’s
modulus of the gel is one of the primary mechanisms of increasing displacement. The gel
displacement can be seen to decrease from 11% at 25 kPa to approximately 5.5% at 200 kPa for a
2 kV/mm electric field. The simulation for the contraction % at 1 kV/mm and 2 kV/mm electric
field for varying Young’s modulus can be seen in Figure 4-16. While there is a larger nominal
difference in contraction % (between 1 kV/mm and 2 kV/mm) for lower modulus values, the
relative difference is not as large. This implies that lower voltages are necessary to achieve large
deformation for softer materials.
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Figure 4-15: Parametric study results for a 0.2 mm mesh-type contraction
actuator with variable Young's modulus from 25 kPa to 200 kPa, with an
applied field of 0 to 2 kV/mm.

Figure 4-16: Parametric study results for a 0.2 mm mesh-type contraction
actuator with variable Young's modulus from 25 kPa to 200 kPa, blue points
represent contraction % at 2 kV/mm and red points represent contraction at 1
kV/mm.
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The mesh size was varied (through changing the mesh gap width from 0.1mm to 0.35mm
in 0.05mm increments) to determine the effect of mesh density on contraction. The results for
this study can be seen in Figure 4-17. The decreasing of mesh density can be seen to increase the
actuator contraction but diminishing returns with further decrease is observed. This conforms
to previous studies which shows that the displacement increases with increasingly large gaps
between the wires of the anode [1].

Figure 4-17: Parametric study results for a 0.2 mm mesh-type contraction
actuator with variable mesh size from 58 to 134, electric field of 0 to 2 kV/mm.

For the final parametric study, the thickness of the PVC gel was varied from 0.2 mm to
0.5 mm in 0.05mm increments (Figure 4-18). The voltage was used (as opposed to the electric
field), with the simulation running from 0 to 400 V (2 kV/mm for the 0.2 mm gel to 800 V/mm
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for the 0.5 mm gel). The actuator contraction was notably smaller for thicker gels at the same
voltage. While thick (0.5 mm+) PVC gels can still produce notable actuation (unlike DEAs which
require too high of voltages to be practical at higher thicknesses), the actuation is still strongly
dependent on the gel thickness for a given voltage. PVC gels also commonly experience dielectric
breakdown between 2 and 3 kV regardless of gel thickness as a result of the high electric field in
the PR layer. This indicates that thin PVC gels provide benefits over thicker gels, while still
offering greater displacement than DEAs at the same voltage.

Figure 4-18: Parametric study results for a sweep of gel thickness for a meshtype contraction actuator with an applied voltage ranging from of 0 to 400 V.
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4.6 Concluding Remarks
A finite element model was created to model the actuation of plate-type and mesh-type
PVC gels actuation under an applied electric field. This model of PVC gel actuation for a given
voltage and space charge input showed good agreement with experimental results for
contraction type actuators. A parametric study investigating the effects of Young’s modulus,
mesh density, and gel thickness was also done. The changes in modeled displacement with
Young’s modulus were found to be quite large. Indicating that the softness of the PVC gel
material is very important to actuation, and a large space charge alone will not lead to the same
characteristic behavior. The mesh density study showed a minor role in comparison to the other
altered parameters, with larger electrode gaps leading to higher displacement. The gel thickness
study showed that the thickness of PVC gels is also a critical component to electrostatic
actuation, with a thicker gel actuating substantially less at the same applied voltage. The model
developed here provides a starting point for further work. A full finite element model of PVC gel
actuation will allow for further maturation of PVC gel actuators in the field of soft robotic
actuators and can be utilized to better control actuator displacement characteristics by
alteration of the electric field, and electrode configuration.
Further work must be done in the area to allow for the model to be used for more general
actuator designs. Future work for PVC gel modeling should include the addition of DBA
plasticizer migration under an electric field in order to capture the time dependent actuation of
PVC gels. This will also be necessary to vary the various model parameters (such as elastic
modulus and plasticizer rich layer thickness) with the migrating DBA instead of predefining
them based upon experimentally determined values for property differences in the final
deformed configuration. A three-dimensional model should also be constructed which will allow
for more accurate modeling of mesh-type contraction actuators as well as the modeling of more
complex actuator geometries. This should allow for more advanced control schemes to be
developed for gel actuators and will expand their potential for use as artificial muscles.
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: High-performance polyvinyl chloride gel artificial muscle actuator with
graphene oxide and plasticizer
This Chapter includes a publication from Scientific Reports published on July 4th, 2019.
The describes the improvement of PVC gel actuators through the incorporation of functionalized
GO The actuation of PVC gels with GO was substantially improved over unmodified gels,
showing a 21% increase in displacement, 41% increase in force output, and a 36% increase in
power output, along with decreased response times. At the time of publication this was the
largest reported increase in performance improvement of PVC gel contraction actuators via
material additives. Lowering of the minimum operational voltage and increasing the force
output are key areas to the advancement of PVC gel actuators in new applications. This work
provides the basis for further material enhancements using effective fillers, as discussed in
Chapter 6.
The author of this dissertation is the second author on the paper. The authors in listed
order are Taeseon Hwang, Zachary Frank, Justin Neubauer, and Kwang J. Kim. Reprinted with
general permission from Springer Nature – Scientific Reports. This work was published as Open
Access under the Creative Commons Attribution 4.0 International Licensing standard (CC 4.0
licensing standard copied in Appendix B), with minimal changes for formatting purposes.
Material is from Hwang, T., Frank, Z., Neubauer, J. et al. High-performance polyvinyl chloride
gel artificial muscle actuator with graphene oxide and plasticizer. Sci Rep 9, 9658 (2019).
https://doi.org/10.1038/s41598-019-46147-2.
T.H. and K.J.K. designed and performed the experiment. Z.F. and J.N. helped analyze
the data. Z.F. and T.H. prepared all figures. T.H. and K.J.K. prepared the manuscript with help
from Z.F. and J.N. All authors reviewed the manuscript.
5.1 Introduction
Polymer based artificial muscles have seen great interest from the research community
because they demonstrate large strains, have a high response rates, and have a large power
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output in response to changes of external factors like temperature, pH, light, and electric field
[13], [15], [123]–[125]. Electroactive polymers (EAPs) are polymers which show large strains in
response to electrical stimuli. Ionic polymer-metal composites are a type of actuator that exhibit
relatively large deformation with low input voltages, typically around 1-3 V, however they
require hydration to function properly which poses a challenge in many applications [23].
Dielectric elastomer actuators are another type of EAP actuator where great focus has been
applied and a variety of applications have been developed including fluid pumps, variable focus
lenses, and conformal skins [88], [89]. However, this type of actuator requires high voltages
(often >1 kV) because high electric fields (~ 100 V/µm) are necessary for actuation [29].
Microhydraulic artificial muscles have also been heavily studied and come in a variety of forms,
but they are often used in applications where larger actuators are necessary (for McKibben type
hydraulic actuators), or do not have as high of a force output as other artificial muscles as is the
case with microhydraulic stepping actuators [126]. Recent progress has also been made into the
use of liquid dielectrics in hydraulically amplified self-healing electrostatic actuators which
allow for very large displacements to be obtained with a high frequency, these are very
promising for some larger applications, but the voltages used can often be on the range of 10’s of
kV, which is too high for many applications [31].
Polymer gels have garnered great interest in applications for actuators, artificial muscles,
and sensors because their volume and shape can be manipulated through multiple variables
such as temperature, solvent, light, pH, and electric field [127]. Most research on the electrical
actuation of polymer gels have focused on polyelectrolyte gels. These gels actuate due to their
ionic species content which causes deformation under an electric field via ionic migration [44],
[45]. However, water, salt solutions, or other ionic liquids are typically required for actuation of
polyelectrolyte gels, which is a problematic constraint as it limits the applications of gels due to
the occurrence of electrolysis which occurs at higher voltages and currents. Polyvinyl alcoholdimethyl sulfoxide (PVA-DMSO) gel has also been studied as it is electrically inactive due to its
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lack of ionic groups. It can be deformed in air, but it has poor strength and problems with
leakage [92].
Polyvinyl chloride (PVC) gel actuators or artificial muscles have shown a significant
potential for efficient applications as PVC is easily available, low-cost, and electrically inactive.
Plasticized PVC gels have also shown excellent flexibility, ability to conform to irregular surfaces
and have a high surface tension [128]. Additionally, PVC gels have many advantages as actuators
such as their ability movement in air, large strains, high output stresses, high response rates,
and stability under thermal influence [12]. It has been theorized that deformation in PVC gels is
caused by electric charge injection at the cathode, plasticizer migration, and the Maxwell force
caused by the electric field between two parallel electrodes [129]. PVC gel actuators exhibit large
amounts of deformation and a wide range of motions that can be achieved by creating
appropriate boundary conditions for the actuators, allowing the creeping motion to be utilized
for different mechanisms (bending, contracting, etc.) [93].
Graphene oxide (GO) contains carbonyl and carboxyl groups at the sheet edges and polar
groups (hydroxyl and epoxide functional groups) on its basal planes; thus, GO easily can be
dispersed into a polymer matrix because of the interactions between its functional groups and
the polymer chains [130], [131]. With these characteristics, GO has been often utilized in an
electrophoretic deposition (EPD) process. EPD is a colloidal process where the suspended
particles are impelled from the suspension medium to the substrate by an electric field [132].
Electrophoresis happens when the electric field is applied to the GO suspension, the charged GO
move toward the oppositely charged electrode driven by the electric force [133].
Here, we have investigated PVC gel properties and the electromechanical performance of
PVC gel actuators for use as artificial muscles with varying plasticizer content (PVC to plasticizer
ratio, 1:4, 1:6 and 1:8). In addition, the study was conducted to maximize the performance of
PVC gels by adding GO to plasticized PVC gels using electrophoretic mobility of the GO. PVC
gels with GO were also prepared to test for possible changes in electromechanical performance
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(0.1 and 1.0 wt. % of GO to PVC). PVC and PVC/GO gels have been prepared via a solution
casting method, detailed conditions are summarized in Table 5-1. The thickness of prepared
PVC and PVC/GO gels have been measured at approximately 1 mm. We have investigated the
thermal and mechanical properties, as well as chemical structure of prepared gels and the
electromechanical performance of single and multi-stacked gel actuators using in-house
electronics.

Table 5-1: The summarized conditions to prepare plasticized PVC and PVC/GO
gels.

SAMPLES

PVC (g)

DBA (g)

GO (g)

THF (ml)

REMARK

PVC

1

-

-

20

Transparent

P4

1

4

-

20

Transparent

P6

1

6

-

20

Transparent

P8

1

8

-

20

Transparent

P8G01

1

8

1

20

Transparent
brown

P8G1

1

8

10

20

Black

5.2 Results and Discussion
Figure 5-1 show the Fourier transform infrared spectroscopy (FT-IR) spectra for pristine
PVC, dibutyl adipate (DBA), and PVC gels with different PVC/DBA ratios (i.e., 1:4, 1:6 and 1:8).
As shown in Figure 5-1, the characteristic peaks of the PVC molecules can be seen; including
peaks for C-H bands (1,427 and 1,257 cm−1), C-C vibrations (968 cm−1), and C-Cl bands (698,
636, and 605 cm−1) [134]. Also, the spectra show the peak at 1,732 cm−1 which corresponds with
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the carbonyl group (C=O) bands in the DBA and PVC gels. The carbonyl group is one of the
major functional groups that can react to polarize or plasticize the polymer [135]. Figure 5-1b
shows the vibration stretching of C–Cl bands of PVC at 698, 636 and 605 cm−1, which also
appear in the prepared PVC gels (P4, P6, and P8) [136]. From these FT-IR results, both DBA
and PVC are expected to be strongly polarizable due to C=O and C–Cl bands in their structures,
resulting PVC gels are also expected to exhibit polarizability. The C=O bands affect solvent
movement between the cathode and the anode under an applied field and the dipole moment of
PVC (C–Cl) might cause molecules to be arranged under the influence of polarizable solvents [in
the case of this study tetrahydrofuran (THF) was used] [119].

Figure 5-1: The FT-IR spectra of the PVC, DBA, and PVC gels: (a) Wide range
spectra from 4000 to 500 cm-1. (b) Reduced range spectra from 1600 to 500 cm-1.

Figure 5-2 shows the thermogravimetric analysis (TGA) and TGA derivative curves for
pristine PVC and PVC gels. PVC shows a distinguishable thermal degradation around 235.76-
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392.30 °C and a weight loss of 62.09%. In the next stage a weight loss of 25.56% is observed,
which takes place over the temperature range of 403.31-556.24 °C. PVC gels show major weight
loss stages around 104.33-260.77 °C (P4), 94.06-257.04 °C (P6), and 97.19-248.59 °C (P8),
respectively. A weight loss of 79.80, 85.50, and 87.96% are observed for P4, P6, and P8,
respectively. It is believed that weight loss occurs at this stage due to decomposition of DBA and
elimination of organic solvents (THF) [137]. Then, a weight loss of 10.55, 90.6, and 7.19% are
shown around 278.94-330.64 °C (P4), 283.28-328.30 °C (P6), and 287.11-321.63 °C (P8),
respectively. This seems to result mainly from the decomposition of PVC in the PVC gel. In the
TGA derivative curve of P4, there is a small third decomposition around 457.17-476.85 °C (red
dot box) due to higher PVC content than the other prepared gels (P6 and P8). The total weight
loss is 87.65% (PVC), 91.09% (P4), 94.56% (P6), and 95.15% (P8), respectively. The mechanical
properties of PVC gels with different PVC/DBA ratios are studied using Dynamic mechanical
analysis (DMA). The samples are cut into circular shapes with a diameter of 10 mm. DMA is
tested in compression mode, and samples are oscillated using varying frequencies from 0.01 to
20 Hz at room temperature. Figure 5-3 shows the storage and loss modulus values for the gels.
In Figure 5-3 at 10 Hz, the storage modulus (𝐸 ′ ) decreases from 52.18 KPa (P4) to 13.63 KPa
(P6) to 0.26 KPa (P8) as the DBA content is increased in the gel. Figure 5-3b shows the change
in loss modulus (𝐸 ′′ ), where smaller changes are observed than for the storage modulus at 10
Hz: 28.23 KPa (P4), 20.14 KPa (P6), and 8.65 KPa (P8). This demonstrates that the damping
properties, defined by (tan δ = 𝐸 ′′ /𝐸 ′ ) [138], [139], increase with the increasing content of DBA,
from 0.54 at a 1:4 PVC/DBA ratio (P4) to 1.48 at 1:6 (P6) to 33.01 at 1:8 (P8). The addition of
DBA weakens the interactions between polymer chains, resulting in increased softness and
flexibility of gels [140]. These results suggest that both the elastic properties (storage modulus)
and the viscous properties (loss modulus) are decreased with addition of DBA in the PVC
matrix, which consequently increases the damping properties exhibited by the PVC gels.
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Figure 5-2: (a) The TGA curves for PVC & PVC gels (1:4,1:6,1:8 PVC:DBA ratio)
(b) TGA derivative curve for PVC & PVC gel.

Figure 5-3: (a) Storage modulus DMA and (b) Loss modulus DMA at room
temperature (freq. range from 0.01 to 20 Hz).

Figure 5-4 shows that test setup of a PVC gel bending actuator, the PVC gel (the bottom
of gel is dyed to clearly see) is bordered by electrodes to demonstrate its bending motion. When
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a 1 kV electric field with direct current (DC) is applied, electric charges are injected into the gel
at the cathode and migrate towards the anode as shown in Figure 5-4b. With the removal of the
electric field, the PVC gels elasticity causes it to be returned to its initial shape [94]. The charge
accumulation on the anode causes the gel to exhibit electrostatic adhesion on the anode surface,
and creeping deformation occurs. The bending deformation exhibited by the gel shows not
traditional bending motion, but rather bending caused by creeping deformation of the gel onto
the anode (Figure 5-4b). Figure 5-5 shows a contraction type of PVC gel actuator under an
applied electric field (1 kV, DC). The PVC gel is placed between a stainless-steel mesh (anode),
which is placed on top of the gel, and a stainless foil (cathode) is placed below the gel. The gel
shrinks in thickness by creeping up the anode and moving into the empty space of mesh with
applying an electric field as shown in Figure 5-5b. When the DC field is removed, the gel reverts
to its previous shape due to its elasticity. It is also demonstrated that the PVC gel moves in the
opposite direction under an alternating current (AC) due to change in charge flow. This can be
seen in Video C-1 (Supplementary Information).

Figure 5-4: A bending PVC gel actuator with the (a) voltage off and with the (b)
voltage on (1kV DC).
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Figure 5-5: PVC gel mesh-type actuator (a) without an electric field. (b) The
PVC gel demonstrates creeping deformation into the vacancies in the mesh
causing contraction (1 kV DC).

Figure 5-6a shows the scheme of the measurement set up to investigate the displacement
for single layer PVC gel actuators with a laser displacement sensor as well as imaging of the
single layer actuator. Copper (Cu) tape is used as a cathode and stainless-steel mesh as an
anode. Figure 5-6b shows that the maximum displacement result for PVC gels with varying
applied voltage (0.5, 1.0, and 1.5 kV with DC). In Figure 5-6b, when the voltage is increased, the
maximum displacement for the PVC gel actuators (P4, P6, and P8) is increased from 105.19,
123.67, and 135.55 µm (at 0.5 kV) to 140.93, 157.13, and 172.94 µm (at 1.0 kV) to 145.03, 191.34,
and 212.84 µm (at 1.5 kV), respectively. When voltage is increased from 0.5 to 1.0 kV, the
displacement of the actuators is increased 34% (P4), 27% (P6), and 28% (P8), which shows that
there was not a large amount of variation in relative displacement with increasing plasticizer
content. Meanwhile, at the voltage increase interval from 1.0 to 1.5 kV, displacement is increased
3% (P4), 22% (P6), and 23% (P8). These results might suggest that P4 does not show significant
change of displacement after 1.0 kV due to its low damping property. Figure 5-6c shows the
responses (voltage, current, and displacement) for sample P8 (PVC/DBA=1:8) under ±1 kV, AC
(square-wave input with frequencies 0.1 and 0.5 Hz). The displacement is slightly lower at 0.5
than 0.1 Hz. This result is thought to be caused by the insufficient time for polarization to
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complete gel actuation and restoration time to return to the original shape at higher frequency
[141].

Figure 5-6: (a) Scheme of test set up to measure displacement of single layer
PVC gel and image of single layer PVC gel between electrodes. (b) The
displacement results of PVC gel with varied DBA content under electric field
(0.5, 1.0, and 1.5 kV with DC). (c) The measured voltage, current, and the
corresponding displacement responses for the PVC gel using a ±1 kV, AC,
square-wave input with 0.1 and 0.5 Hz frequencies.

The stacked PVC gel actuator is prepared to investigate variation of maximum
displacement with stacked layers, up to a maximum of 8 layers. The stainless-steel mesh
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electrodes are used for anodes, while stainless foil (50 µm thick) is utilized as the cathode. The
PVC gels (P8) are prepared with dimensions of 2.0×1.5×0.1 cm3 (length×width×thickness).
Figure 5-7 shows the displacement by contracted PVC gels as applying electric field. When
electric field (1.5 kV, DC) is applied, the gels shrink in thickness by creeping onto the anode and
moving into the empty space of the mesh. A maximum displacement of approximately 1.56 mm
is shown. As shown in Figure 5-7b, the displacement becomes larger when stacking the PVC gel
layers. This result suggests that either more layers, a higher voltage, or both can be used to
manipulate the maximum displacement for the stacked PVC gels and the desired displacement
can be adjusted with the number of layers or voltage.

Figure 5-7: a) Images of 8-stacked PVC gel actuator with/without electric field
(1.5 kV, DC). b) The displacement results of stacked PVC gel actuator varied
voltage and number of stacked layers.
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PVC gels with GO (0.1 wt.% and 1 wt.% of GO to PVC) are prepared to test for possible
improvement in electromechanical performance over unaltered PVC gels Figure 5-8. shows
images of prepared PVC and PVC/GO gels with dimensions of 2.0×1.5×0.1 cm3
(length×width×thickness). However, the 1 wt.% content gel is structurally brittle, due to having
too much GO in the PVC gel matrix (a lack of binder), and thus is unable to be utilized for
actuation. Figure 5-9 shows the displacement results of PVC and PVC/GO gel (0.1 wt.%). At 500
V the pristine PVC gel actuator shows a displacement of 135.55 µm, while the PVC/GO shows an
enhanced displacement of 164.61 µm (21%). At 1 kV the gels show displacements of 172.94 µm
and 218.35 µm (26%). While at 1.5 kV they show displacements of 212.84 µm and 240.13 µm
(13%), respectively. This shows an approximate 20% enhancement on average across all voltage
ranges for PVC/GO gels over PVC gels. In addition, prepared PVC/GO gel demonstrates faster
response than PVC gel under 1 kV, DC, this can be seen in Video C-2 (Supplementary
Information). The compression force of PVC and PVC/GO gel is investigated under electric field
(1.5 kV with DC) as can be seen in Figure 5-10. The PVC/GO gel shows a high level of
improvement (27.65 mN) over the plasticized PVC gel actuator (19.66 mN), resulting in a 41%
increase in output blocking force. GO contains multiple functional groups such as hydroxyl and
epoxy groups [131]. These functional groups allow for electrophoretic mobility of the GO [132],
[133]. Here this mobility allows for greater creeping movement of the gel due to the movement
of GO within the PVC polymer matrix. The effect of DBA and GO movement in PVC gel can be
seen in Figure 5-11. The polarized DBA and GO orient themselves in the direction of the electric
field. When applying a field to the PVC gel, an electrostatic force acts on the internal structure of
gel which results in pulling of the cross-linking points in the PVC molecules by orientation and
movement of DBA and GO [12].

91

Figure 5-8: Images of the prepared PVC and PVC/GO gels, with no GO, 0.1%
GO, and 1% GO (from top to bottom).

Figure 5-9: The displacement results of PVC and PVC/GO gels under electric
field (0.5, 1.0, and 1.5kV DC).
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Figure 5-10: The compression force of PVC and PVC/GO gel under electric field
(1.5kV with DC).

Figure 5-11: Scheme of PVC gel internal structure change with an applied
electric field.

While the contraction force was measured and presented, the recovery force is more
easily utilized for maximum force output [141]. A single layer of both PVC and PVC/GO gels are
tested. The force output is measured along with the displacement variation by applying weight
on the top of PVC and PVC/GO gels (using test masses from 0 to 70 g), as shown in Figure 5-12.
The PVC/GO gel has a marginally larger output displacement for all output forces. The
measured and estimated results are summarized in Table 5-2. The maximum recovery force for
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both actuators is 686 mN at 1.5 kV. The current for PVC and PVC/GO gels is also measured and
found to be approximately 0.104 and 0.105 mA at 1.5 kV, respectively. The maximum power
output for the PVC and PVC/GO gels is found to be 0.190 and 0.258 mW, respectively. The
PVC/GO gel actuator demonstrates an increase of power output of 35.6% over the PVC gel
actuator. The estimated efficiency of actuators is shown in Figure 5-13. Both actuators have been
optimized for maximum displacement, and this results in suboptimal energy efficiency. The
current is found to vary non-linearly with voltage (the current when actuated with 400 V was
only 0.012 mA; 11.3% of the current at 1.5 kV), the force output would be increased with a larger
surface area for the actuator, and the overall displacement of PVC gel actuators has been shown
to scale linearly with the number of stacked layers whereas the current does not [141]. These are
all areas which can be easily altered to achieve a higher force and higher efficiency actuator if so
desired.
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Table 5-2: The summarized results power and efficiency results of PVC and PVC/GO gels.

Sample

P8

P8G01

Displacement
(µm)

Power
output
(mW)

Efficiency

-

325.7

-

-

10

98

167.2

0.082

5.25E-04

20

196

113.1

0.111

7.11E-04

30

294

101.3

0.149

9.55E-04

40

392

89.7

0.176

1.13E-03

50

490

77.6

0.190

1.22E-03

60

588

55.7

0.164

1.05E-03

70

686

53.7

0.184

1.18E-03

-

-

373.6

-

-

10

98

242.6

0.119

7.55E-04

20

196

156.6

0.154

9.75E-04

30

294

111.2

0.164

1.04E-03

40

392

91.2

0.179

1.14E-03

50

490

85.4

0.209

1.33E-03

60

588

83.2

0.245

1.55E-03

70

686

75.2

0.258

1.64E-03

Weight (g)

Force (mN)

-

Current (mA)

Power input
(mW)

0.104

156.0

0.105

157.5
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Figure 5-12: The displacement of prepared PVC and PVC/GO gels with
increasing weight on the single layer of gel (1.5 kV DC).

Figure 5-13: The efficiency of prepared PVC and PVC/GO gels with increasing
weight 1.5 kV DC).

Figure 5-14 shows that images of top view (top), height profile (middle), and topographic
views (bottom) of prepared PVC and PVC/GO gels. Prepared gels were examined using 3D
microscope to visualize displacement of PVC and PVC/GO gel by comparing the height between
the top of stainless-steel mesh (A) and top of gel (B) before and after applying an electric field.
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The height of P8 before, P8 after, P8G01 after applying an electric field (1.5 kV with DC) was
measured 273.9, 170.1, and 115.7 µm, respectively. As a result, the topographic view of Figure
5-14a shows a clear “orange-colored” mesh pattern due to the large number of height difference.
When applied an electric field to specimens, the height difference is reduced because gel creep to
an anode (stainless-steel mesh) as can be seen in Figure 5-14b and Figure 5-14c. It would be
expected that the addition of GO in PVC gel would show a larger creeping movement than DBA
only. In future work, further study for GO in PVC gels can be conducted on PVC/GO gel
characterization as well as research of the promising potential improvement of artificial
muscles.
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Figure 5-14: (a) Image of the top view, height profile, and topographic view of prepared PVC and PVC/GO gels - P8
without an applied field. (b) Image of the top view, height profile, and topographic view of prepared PVC and
PVC/GO gels - P8 with an applied field (1.5 kV DC). (c) Image of the top view, height profile, and topographic view of
prepared PVC and PVC/GO gels - P8G01 with an applied field (1.5 kV).
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5.3 Conclusion
In this paper, the thermal and mechanical properties, the chemical structure of PVC gels
with varied PVC to DBA ratios (i.e., 1:4, 1:6 and 1:8), and the effects of GO inclusion on gel
deformation were presented. The PVC gel actuators (single and multi-stacked)
electromechanical performance was demonstrated under electric fields from 0.5 to 1.5 kV. When
the content of DBA in PVC gel was increased, the gel showed higher electromechanical
performance (increases displacement). The inclusion of GO (0.1 wt.%) was shown approximate
20% enhancement of displacement performance on average across all voltage ranges for
PVC/GO gels over existing plasticized PVC gels and the 41% increase in blocking force and 36%
increase in power output are highly significant. These results show that GO addition in the PVC
gel matrix could prove highly valuable in applications such as optics, small mechanical devices,
artificial muscles, and various opto-electro-mechanical devices. In addition, we believe that
additional steps can be enhanced the performance of PVC gel. Further work will be focused on
the investigation of different shapes, modified materials, or electrode configurations to improve
their performance for various applications.
5.4 Methods
5.4.1 Materials and PVC Gel and PVC/GO Gel Preparation
The gels were prepared using commercially purchased PVC (MW = 80,000 g mol-1, Mn =
47,000 g mol-1), DBA (MW = 258.38 g mol-1), and THF, which were purchased from SigmaAldrich Co. The ratios of PVC to DBA were composed to 1:4, 1:6, and 1:8. The PVC was dissolved
in THF and DBA solution with stirring at 50 °C for 4 hr. And then, the solution was casted in a
glass Petri dish. THF was removed by evaporation in the fume hood (at room temperature for 4
days). PVC/GO gels were prepared using functionalized GO, which was purchased from
Graphene Supermarket, US. GO was dispersed into THF by ultra-sonication (VC-505, Sonics)
for 3 hr., then PVC/GO gels were prepared following above-mentioned process to prepare PVC
gels (with a 1:8 PVC/DBA ratio). The thickness of both PVC gels and PVC/GO gels were around 1
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mm, approximately. The conditions to prepare gels are summarized in Table 5-1. Appendix
Figure C-5 shows the chemical structure of PVC and DBA and Appendix Figure C-6 shows an
image of prepared gel which is transparent and flexible. The images of prepared PVC and
PVC/GO gels can be seen in Appendix Figure C-7 (Supplementary Information).
5.4.2 Preparation of PVC and PVC/GO Actuator
Stainless steel mesh was used as anode for contraction type PVC gel actuator. The gel is
placed between a stainless-steel mesh (anode) and a stainless-steel foil or Cu tape (cathode).
5.4.3 Characterization
The chemical structure of the specimens was studied using a Fourier transform infrared
spectrometer (FT-IR; IRTracer-100, Shimadzu) and an attenuated total reflectance accessory
(MIRacle, PIKE Technologies). TGA (Q500, TA instruments) was conducted to investigate the
thermal properties of the gels with a nitrogen atmosphere and heating rate of 10 °C min−1 up to
600 °C. DMA was tested to characterize the mechanical properties with Pyris Diamond DMA
(Perkin-Elmer) and analysis program (Seiko Instruments Inc.) at room temperature. The DMA
frequencies were adjusted from 0.01 to 20 Hz. 3D measurement of specimens was carried out
using VHX-100 (Keyence) with x50 magnification. The electromechanical responses
(displacement and blocking force) were measured using a laser displacement sensor
(optoNCDT-1401, Micro-Epsilon) and a load cell (GSO-100, Transducer Techniques) with a test
setup using a signal generator (SDG-1025, Siglent), a high voltage amplifier (609E-6, Trek), and
data acquisition system (SCB-68, National Instruments). The responses (voltage, current, and
displacement) were analyzed using a different DAQ (LabView 8, National Instruments and
DAQ-6510, Keithley).
5.5 Future Study
Note: This section was not included in original publication and has been added for clarity
in the context of this dissertation.
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This early work in the development of PVC gel additives was the first insight into the
possibility of using carbon-based nanofillers for performance improvement PVC gel actuators.
Since its publication, various other fillers for material enhancement have been reported,
including amine functionalized reduced graphene oxide [142]. The most impressive among these
being functionalized multi-walled carbon-nanotubes (FMWCNTs), with actuators capable of up
to 34% contraction reported [64]. These advances in the use of conductive fillers have
broadened the plausible applications of PVC gels, but little has been done on their mechanism of
actuation. It is under this context that the study in Chapter 6 takes place. Chapter 6 focuses on
solid carbon nanotubes (CNTs) and ionic liquids (ILs) as a sample case study, but the learnings
and techniques from the study can be extended to other fillers to eventually form a fuller picture
of their effects on PVC gel actuators.

101

: On the mechanism of performance improvement of electroactive
polyvinyl chloride gel actuators via conductive fillers
6.1 Introduction
Electroactive polymers, polymer materials that convert electrical energy into mechanical
work, have been of interest to the research community for their possible use in a variety of
applications in the field of soft robotics [14], [18], [25]. Dielectric elastomer actuators (DEAs)
are commonly identified as one of the most common types within the field, but require multiple
kilovolts for actuation [28], [88], [89]. PVC gels have been identified as a strong alternative for
many applications, with PVC gels having much larger strains at a given voltage and fast response
rates, while still being more reliable than other smart materials such as IPMCs and conductive
polymers [19], [143]. PVC gel actuators deformation is localized within a thin layer at the anode
surface, allowing for unique actuation characteristics based upon the electrode configuration
[10]. The actuation mechanism of PVC gels allows for a variety of actuator geometries including
contraction, bending, and varifocal lens among others [1], [80], [83], [95]. While PVC gels offer
great advantages over DEAs in terms of actuation voltage, their force production is quite low due
to their inherently soft nature [144]. In addition, PVC gels still require higher voltages than what
would be viable for many common applications (generally operating from 200 V - 2 kV) [94].
While reduction of gel thickness can reduce this somewhat (as a function of increasing the
electric field for a given applied voltage), additional advancements are still necessary. One area
which might enable this advancement in terms of increased force production at lower voltages is
through enhancement via conductive fillers.
The addition of conductive fillers to PVC gels has been shown to increase performance,
with the most commonly studied additives being ionic liquids (ILs) and carbon-based fillers
(CBFs) such as graphene oxide (GO) and carbon nanotubes (CNTs) [56], [64], [97], [145], [146].
These studies have been mostly focused on the characterization of actuator electromechanical
properties of the materials, but little has been done to elucidate the differences in mechanism
102

between liquid ILs and solid CBFs, as well as whether one performs better than the other and
under what circumstances. CBFs have been of particular interest given that multiple hypotheses
for how they improve performance have been put forth. Either from interaction with the PVC
polymer backbone leading to increased conductivity or through increased force output via
electrophoretic effects [142], [146].

(a.)

(b.)

(c.)

(d.)

Figure 6-1: (a.) Schematic illustration of functionalization process of carbon
nanotubes; black, red, and white balls represent carbon, oxygen, and hydrogen,
respectively. Image reused from [147] with Open Access CC 4.0 general
permission. (b.) chemical structure of [Bmim]BF4. (c.) chemical structure of
DBA. (d.) chemical structure of PVC.
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Herein, we investigate PVC gels containing ILs (specifically, 1-butyl-3methylimidazolium tetrafluoroborate ([Bmim]BF4)), and CNTs. Data for PVC gels with varying
plasticizer content (1 part PVC to 2, 4, 6, and 8 parts DBA, respectively) is also shown. We aim to
provide a more detailed look at the charge transfer process that occurs with different conductive
fillers through the analysis of their impedance, dielectric, and electric modulus spectra, as well
as with a cyclic linear voltage sweep. The electromechanical deformation and electrostatic
adhesive force of PVC gels with ILs and CNTs are described. The differences in the mechanism
between the two are clarified with a recommendation based upon application and desired
characteristics. Table 6-1 summarizes the prepared PVC gel samples for the study.

Table 6-1: Summary of prepared PVC gels.

Label

PVC:DBA
wt-%
Ratio

Additive

Additive
Content
wt-%

P4

1:4

N/A

N/A

P4-IL1

1:4

[Bmim]BF4

0.01%

P4-IL5

1:4

[Bmim]BF4

0.05%

P4-CNT2

1:4

Functionalized
Carbon
Nanotubes

0.02%

P1

1:1

N/A

N/A

P2

1:2

N/A

N/A

P6

1:6

N/A

N/A

P8

1:8

N/A

N/A
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6.2 Results and Discussion
6.2.1 Impedance Spectra
The AC complex impedance (𝑍 ∗ ) can be analyzed to show the conductivity and dielectric
behavior of PVC gels with IL and CBFs. The Argand plot for PVC gels with varying additive
content can be seen in Figure 6-2. The 𝑍 ∗ Argand plot consists of an inclined line at lower
frequencies and a semicircle that intercepts the real axis at low and high frequencies. This
characteristic of PVC gels can be represented by an equivalent circuit (Figure 6-2 inset). The
inclined line in the 𝑍 ∗ spectra correspond to an electrical double-layer capacitance at the
interface of the gel and the electrodes and is represented as a capacitor in the equivalent circuit.
The parallel capacitance and resistance in the equivalent circuit can be associated with the
charge transport from the alternating electric field. A series resistance which represents the
electrode resistance at very high frequencies is also shown and is the offset of the real
impedance at high frequencies from 𝑍 ′ = 0; this element is low in comparison to the total
impedance of the gels.
The DC conductivity (σDC) appears in the impedance spectra as the diameter of the
semicircle formed between 𝑍 ∗ and the low and high frequency intercept with the real axis in
Figure 6-2 and is listed along with other measured properties of PVC gels in Table 6-2. The
conductivity can be seen to decrease substantially with the addition of conductive filler, with ILs
providing a greater decrease in impedance for a given filler quantity.
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Figure 6-2: Argand plot of complex impedance of PVC gels with fillers. P4, P4IL1, P4-IL5, and P4-CNT2 are 1 part PVC to 4 parts DBA, with the filler content
indicated by the suffix (i.e. P4-IL5 contains 0.05% IL by weight).

6.2.2 Permittivity and Electric Modulus Spectra
The complex permittivity (𝜀 ∗ ) of PVC gels consists of a real portion (relative permittivity,
𝜀′) and an imaginary portion (dielectric loss, 𝜀′′). 𝜀 ′ is the amount of charge stored via dipole
interactions with the electric field, while 𝜀′′ is the energy lost due to the resistance of dipoles to
rotation in the alternating electric field and the conduction of charge as a result of the applied
field. Both 𝜀 ′ and 𝜀 ′′ can be found from 𝑍 ∗ through the relationships in Equation ( 6-1 ):

𝜀 ∗ = 𝜀 ′ − 𝑗𝜀 ′′ = (

𝑍 ′′
𝑍′
−
𝑗
)
(
)
𝜔𝐶0 |𝑍|2
𝜔𝐶0 |𝑍|2
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( 6-1 )

where 𝜔 is the angular frequency (𝜔 = 2𝜋𝑓), and 𝐶0 is the capacitance of free space (𝐶0 =

𝜀0 𝐴
;
𝑑

A

and 𝑑 are the electrode contact area and gel thickness, respectively). The comparison of relative
permittivity and dielectric loss for PVC gels with different additive content can be seen in Figure
6-3a and Figure 6-3b, respectively.
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Figure 6-3: (a.) Relative permittivity, (b.) dielectric loss, (c.) loss tangent
comparison, (d.) Electric loss modulus M’’ versus frequency comparison for
different conductive fillers.
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The C-Cl bonds in the PVC are dipolar, as are the Carboalkoxy (RCOOR’) functional
group in the adipate plasticizer. The increase in the free volume of the gel allows for greater
polarizability of the C-Cl bonds, and thus PVC gels have a higher relative permittivity than
unplasticized PVC at all frequencies [102]. The permittivity of the PVC gels dielectric spectra
shows low-frequency dispersion, where the relative permittivity can be seen to increase at low
frequencies caused by EP [59]. The EP is a result of charge motion through the gel. This
behavior is specifically tied to the effects of the added liquid phase plasticizer to the PVC matrix,
as it is not seen in PVC or DBA alone [118].
The inclusion of conductive additives, both CNTs and [Bmim]BF4 ionic liquid increased
the permittivity and dielectric loss within the PVC gels. The dielectric permittivity at high
frequencies (which is indicative of the “true” relative permittivity, i.e., without the effect of
electrode polarization) was largest for the PVC gel with CNTs, indicating that the overall
polarizability of the gels is higher with CNTs. By contrast, only a small increase in relative
permittivity is seen in the case of PVC gels with ILs at high frequencies. At lower frequencies, the
ILs have a much higher permittivity than the unmodified or CNT gels indicating that the
addition of charge carriers lead to a reduced Debye length in the gels with ILs.
The complex-valued electric modulus is:

1
𝜀′
𝑗𝜀 ′′
𝑀 = ∗=
+
= 𝑀′ + 𝑗𝑀′′
𝜀
(𝜀 ′ 2 + 𝜀 ′′ 2 ) (𝜀 ′ 2 + 𝜀 ′′ 2 )
∗

( 6-2 )

with real (𝑀′ ) and imaginary (𝑀′′ ’, or electric loss modulus) components. The conductivity
relaxation frequency (𝜔𝑚 ) at which the peak of 𝑀′′ occurs, gives the most probable conductivity
′′

𝑍
relaxation time (𝜏𝑀 ) [103]. When 𝑓 > 𝑓𝑚𝑎𝑥
,the charge transport occurs only via local short-

range motion, as the charges move via trap-controlled hopping between localized potential
wells, and the dipoles in the gel are unable to reorient themselves before the polarity of field
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′′

𝑀
reverses [113]. When the frequency drops below 𝑓𝑚𝑎𝑥
the charges have time to move between the

electrodes (conductivity relaxation). 𝑀′′ can be related to the long-range electric relaxation of
the material, while 𝑍 ′′ is related to the localized relaxation of dipoles.

𝑀′′ = 𝑍 ′ (

𝜔𝜀0 𝐴
)
𝑑

𝑍′′ = 𝜀 ′ |𝑍|2 (

( 6-3 )

𝜔𝜀0 𝐴
)
𝑑

( 6-4 )

With the results presented here we can say more about the differences between these two
types of fillers (CBFs and ILs), and how they contribute to the electromechanical transduction in
PVC gels. In the case of CNTs, the peak of 𝑀′′ can be seen to decrease significantly, indicating a
lower real impedance value with increasing filler content; however, only a small shift in the peak
frequency is seen. This suggests that the relaxation of mobile charges within the CNT gels occurs
over a similar timeframe, but the real impedance of the gels is significantly reduced. This can be
explained by the fact that the resistivity of the gel is lowered with filler content as ionic
conductivity is enhanced via increased ionic mobility for the same applied voltage [64], [142]. By
contrast, ILs both decreased the 𝑀′′ peak and shifted the spectra towards higher frequencies.
This indicates that the ILs increase the conductivity of the gels, and the long-ranging electric
charges have a faster relaxation than the charges present in unmodified gels alone. The ions are
able to dissociate and relax at higher frequencies than the ions and injected charges present in
the unmodified gels alone. This leads to ILs having slightly larger deformation, but much faster
actuation at lower voltages as reported upon previously by multiple other groups [56], [97],
[145]. The electrode polarization time and maximum apparent permittivity are found through
the fitting of a CC equation to the tan(δ) spectra of the gels and can be seen in Table 6-2.
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Table 6-2: Electrical property summary of PVC gels.

Gel

𝛔𝐃𝐂

′′

𝝎𝑴
𝒎𝒂𝒙

𝝎𝒕𝒂𝒏𝜹
𝒎𝒂𝒙

𝝉𝑬𝑷
(s)

𝜺𝑬𝑷

(S/cm)

(rad/s)

(rad/s)

𝐭𝐚𝐧(𝜹)𝒎𝒂𝒙

P4

2.01×10-8

3.61×104

220

50.7

0.66

1.43×105

P4-IL1

8.22×10-8

8.30×104

573

45.1

0.24

1.59×105

P4-IL5

1.24×10-7

1.70×105

734

79.6

0.32

4.80×105

P4-CNT2

4.53×10-8

4.51×104

306

49.0

0.44

2.28×105

P2

5.25×10-9

2.09×103

116

16.9

0.32

2.21×104

P6

2.85×10-8

4.94×104

331

54.0

0.48

1.68×105

P8

3.84×10-8

5.80×104

409

52.1

0.42

2.03×105
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6.2.3 I-V Response
(a.)

(b.)

Figure 6-4: (a.) I-V plots for P4 gels with different fillers (normalized by
thickness) at 0.75 V/s. (b.) I-V plot for varying scan rate in P4-IL1.

A linear voltage ramp was used to analyze the gel response to a time-varying voltage, as
described in [148]. From Figure 6-4a, it can be seen that when the gel is polarized in a specific
direction, the space charge is initially accumulated at the anode. As the electric field is removed,
the I-V response is very small and is linear with the decreasing field. Upon returning to zero
applied voltage, the gel ceases to conduct current. As the voltage is ramped with opposite
polarity, the current can be seen to increase at a much higher linear rate as the space charge is
transported from the original anode towards the new one. Upon the space charge front reaching
the electrode, a sharp peak in the current can be seen followed by a decline. This is because the
electric field in the bulk of the gel is screened by the space charge region which is where the
majority of the voltage drop occurs due to the higher resistivity of the region [11]. This peak also
corresponds with the onset of electromechanical deformation, further confirming that the space
charge region in PVC gels is causal to their actuation. The peak current for P4-IL1 was seen to be
much smaller than for P4 or P4-CNT2 (Figure 6-4a). This could be due to the additional ions
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more quickly reaching the electrode from the bulk of the gel, rather than purely from the moving
space charge front, and screening the electric field more quickly than in P4/P4-CNT2 gels. Both
fillers lead to faster polarization (and correspondingly, a lower voltage at the current peak)
which can be attributed to the increased conductivity of the gels, but P4-IL1 gels had a much
lower maximum current while the peak current in P4-CNT2 was comparable to the unmodified
gel. Additionally, the peak shifted to a higher current (and voltage) value with an increasing
voltage scan rate (Figure 6-4b).
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Figure 6-5: (a.) i-t plot for a 0.5 kV voltage polarity reversal in P4, (b.) P4CNT2, and (c.) P4-IL1.
A DC electric field was applied to the PVC gel and polarization was allowed to saturate (t
> 15 minutes); the electric current decreased to a low steady-state value (leakage current). Upon
reversal of the polarity of the field, the current in the PVC gels can be seen to increase as the
charges are moved away from the electrode and towards the new anode. The time for the peak
current in the gel after polarity reversal gives a time-of-flight (TOF) for the charge carriers to
move across the gel. This TOF measurement has previously been used to calculate the mobility
of charge carriers within a material. However, many different models have been created based
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upon the type of charge carrier, thickness of the polymer, polymer material, the electric field
magnitude, and other factors [149]–[151]. Given the disagreement in the field on whether
polarity reversal can be used to determine the true mobility of charge carriers at all, for purpose
of this study the determination of the exact carrier mobility is not concluded, and instead we will
simply refer to the calculated value as the “apparent mobility” (𝜇𝑎𝑝. ). The model developed by
Many and Rakavy, which includes cathode electron injection space charge effects (which has
previously been used to describe the transient current peak within plasticized PVC containing
absorbed water) will be used to inform our interpretation (𝜇𝑎𝑝. = 0.786 𝑡

𝑑2
𝑇𝑂𝐹 𝑉

) [151], [152]. There

are two primary takeaways from Figure 6-5a – Figure 6-5c. The first is that a double peak can be
seen in P4-IL1 gels, suggesting that multiple charge carriers are present [149], [153]. The
apparent mobility of the first peak is nearly an order of magnitude larger than the second (𝜇𝑎𝑝. =
7.7 × 10−6 cm2/V s, versus 9.3 × 10−7 cm2/V s). The presence of multiple charge carriers in this
measurement is not unexpected, as clearly ILs consist of both an anionic ([BF4] in our case) and
cationic ([Bmim]) component. The presence of a second charge carrier though means that some
of the electric field drop which occurs in the space charge region will be screened by the double
layer at the cathode interface leading to a lower overall space charge density. In fact, this has
been previously reported on through space charge density measurements, and also is likely the
cause of the lower electrostatic adhesive force for P4-IL1 gels seen in the next section [56]. The
apparent mobilities of carriers in P4-IL1 is much higher than that of either P4 (1.24×10-7 cm2/V
s) or P4-CNT2 (2.41×10-7 cm2/V s). Additionally, we can use the apparent mobility obtained
here to compare the implied change in conductivity and the DC conductivity as measured from
impedance spectroscopy. Conductivity is proportional to both the number of charge carriers and
the mobility of those charge carriers (𝜎 = 𝑛𝑞𝜇). Comparing the increase in conductivity between
P4 and P4-CNT2, the value from the high voltage polarity reversal is only 13% lower than that
from the low voltage impedance measurement. This implies that the change in conductivity is
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most likely due to the increased ionic mobility of the material with added CNTs. In the case of
P4-IL1 however, we can see that the mobility associated with both charge carriers increases
substantially more than the conductivity. In addition, the number of charge carriers should also
have increased, as both positive and negative carriers were added in the form of IL. Given this,
the conclusion can be made that the mobility of the charges inherent to unmodified PVC gels
was significantly reduced, or complex interaction between the PVC gel and dissociation resulted
in a reduced number of total carriers in the gel.

6.2.4 Actuation and Electrostatic Adhesion Force
The deformation of P4, P4-IL1, and P4-CNT2 (seen in Figure 6-6a) was measured with
increasing voltage P4-CNT2 can be seen to have the largest displacement of the three with
substantial increased contraction over P4 with the same electrode configuration. P4-IL1 showed
improvement over the unmodified gel as well, both results are consistent with previous studies
showing better actuation performance for gels with conductive fillers [64], [97], [145].
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Figure 6-6: (a.) Contraction of a mesh actuator for gels with different additive
content. (b.) Electrostatic adhesion force at 1kV/mm for PVC gels with different
filler and plasticizer content. (c.) Electrostatic adhesion force for varying
electric field intensity.
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P8

The accumulation of negative charges within the PVC gels near the anode creates an
attractive force to the opposing positive charges on the conductive electrode surface. The
electrostatic adhesive force only occurs on the anode due to the asymmetric formation of space
charge near it when compared to the cathode. The PVC gels have an initial tackiness that
increases with plasticizer content and has been subtracted from the overall force measured in
the electrostatic adhesion measurements reported. The output force measurements of PVC gels
with varying plasticizer and filler content can be seen in Figure 6-6b and Figure 6-6c. IL-doped
gels saw a net reduction of electrostatic force production, which corresponds to reports of lower
overall space charge in IL gels [56]. CNTs by contrast, improved the electrostatic adhesion over
pure PVC gels. The CBFs appear to give larger displacement and faster response times, in
addition to increased force production and a higher material modulus indicates that they may be
preferable over ionic liquids in most actuation applications [64], [145], [146]. One caveat to this
takeaway is that ILs do increase the transparency of the PVC gel, while CBFs, by their nature,
absorb visible light (UV-Vis spectrum of P4 and P4-IL1 gels can be seen in Appendix Figure
C-12) [145]. This indicates that ILs may be uniquely suited as performance-enhancing additives
for PVC gels in optical applications, which is a primary area of research in the field, and one of
the most promising.
6.3 Conclusion
The conductivity and dielectric characteristics of PVC gels with both IL and CNT fillers
were studied, and the mechanisms of performance enhancement for each were clarified. CNTs
improve the conductivity of the gels through the facilitation of charge transfer processes
(increased mobility). This leads to faster polarization and increased actuator performance. ILs
increased the number of carriers in the gel, through the introduction of anions and cations.
While this increased the conductivity, a field screening effect was seen in the comparison of the
implied conductivity from the apparent mobility (as determined by alternating polarity currenttime measurements from Section 6.2.3) with the conductivity measured through impedance
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spectroscopy. This leads to a lower electric field in space charge layer which is the primary
mechanism of actuation in PVC gel. Due to this, ILs developed a lower electrostatic adhesion
strength than the unmodified and CNT samples. While both CNTs and ILs mechanisms increase
the displacement of the gels, CNTs do so while also improving the mechanical characteristics of
the gels (increased modulus) and electrostatic force production. Additionally, the overall
deformation was higher for CNTs than IL gels. This means that for many applications CBFs will
be preferable over ILs, due their improved displacement and force production. In addition, ILs
often have issues with leakage (migration of the ILs out of the host polymer), which could lead
to degradation of performance over time or environmental contamination depending on the
application. However, ILs still have specific areas where they excel, such as in optical
applications which rely upon the transparency of PVC gels which is improved by ILs and is
partially lost with the addition of CBFs.
6.4 Methods
6.4.1 Materials and Preparation of PVC gels
PVC gels were made from polyvinyl chloride (Mw = 233,000 g mol-1, Mn = 99,000 g mol-1)
in powder form, dibutyl adipate (DBA) (MW = 258.38 g mol-1) plasticizer, and THF solvent
(20ml solvent/gram of PVC), all of which were purchased from Sigma-Aldrich Co. The solution
was then stirred for 24 hours at 30°C before being cast in a glass petri dish (10 cm diameter),
where the THF was evaporated off over 4 days at room temperature. The gels were prepared by
mixing one part PVC with X-parts DBA plasticizer by weight (gels are referred to as PX, with X
indicating plasticizer content, e.g., P4, P6, P8, etc.).
6.4.2 Materials and Preparation of PVC-IL gels
The IL used in the study was 1-Butyl-3-methylimidazolium tetrafluoroborate
([Bmim]BF4) and was also purchased from Sigma-Aldrich Co. Both additives (ILs and CNTs)
were added in increments of 0.01% and will be referred to by the PVC gel in which they are
added followed by the amount of additive (e.g., P4 gel with 0.02% CNTs will be referred to as
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P4-CNT2). The ILs were mixed with the DBA and stirred for 30 minutes at room temperature
before adding to the PVC and THF. The gels were then prepared in the same method as for
unmodified PVC gels described above.
6.4.3 Materials and Preparation of functionalized CNTs and PVC-CNT Gels
Pristine Carbon Nanotubes (unfunctionalized) were washed with HCl to remove
impurities (2 g in 200 ml HCl). The mixture was stirred for 2 hours, before being diluted with
deionized (DI) water and dried in a convection oven for 24 hours at 90°C. For the functionalized
CNTs, 0.5 g of purified CNTs were treated in an acid solution (60 ml H2SO4, 20 ml HNO3, and 1
g KMnO4) with a condenser where the liquid was refluxed for 8 hours. The resulting liquid was
diluted with DI water, filtered, and then washed to obtain a neutral pH before being dried again
at 90°C for 24 hours. The CNTs were added to tetrahydrofuran (THF) (100 ppm by weight). The
mixture was then dispersed via ultrasonication (VC-505, Sonics) for 3 hours. After
ultrasonication, the PVC and DBA were then immediately added to the CNT-THF mixture and
prepared using the same method as the unmodified gels. A full list of gels used in this study with
corresponding plasticizer and additive ratios is located in the supplementary material.
6.4.4 Characterization
The conductivity and dielectric properties of the PVC gels were determined through the
use of impedance spectroscopy. Measurements were taken with an LCR meter (ET4510, East
Tester) with a 1V amplitude alternating current (AC) signal, from 10Hz to 100kHz (5
points/decade). The samples (diameter of 30 mm) were placed between two 25.4 mm stainless
steel parallel plate electrodes, and a load cell ensured consistent contact force across tests.
For current and displacement tests, the voltage was produced with a signal generator
(SDG-1025, Siglent Technologies), and a high voltage amplifier (609E-6, TRek). The response
was analyzed with a data acquisition system (DAQ-6510, Keithley Instruments), and load cell
(GSO-100, Transducer Techniques) which ensured consistent force across samples
(Supplementary S2). A copper foil cathode and a stainless-steel (SS 304) mesh (size of 20
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wires/inch) was used. All measurements were taken at room temperature. A laser displacement
sensor was used to measure the displacement of the actuators (optoNCDT-1401, Micro-Epsilon).
The electrostatic adhesive force is measured as the force of detachment between the PVC
gel and the electrode. The cathode experiences nearly zero adhesion beyond the initial contact
stickiness of the PVC gel (with zero applied voltage). As such, consistent contact with the
cathode is necessary to maintain the adhesive force at the anode. A 3D printed mass holder was
made which ensures consistent contact between the gel and the cathode, while also allowing for
addition of increasing mass. The mass is lifted at 1mm/s, and when the gel can no longer hold
the mass (i.e., the mass is dropped), the peak force from the load sensor is recorded as the peak
electrostatic force.
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: Conclusion
A discussion of the theoretical basis for the actuation mechanism of PVC gels was
presented. The conductive, dielectric, and electromechanical actuation properties of PVC gels
were investigated, with a focus on key parameters for improved actuator performance. The
electrode polarization process was fit to a Debye relaxation model, which allows for the
prediction of low frequency dielectric properties (such as electrode polarization time and Debye
layer thickness) from measurements made in the high and mid frequency ranges. The
conduction mechanism was clarified to be the result of correlated barrier hopping providing a
starting point for future analyses and modeling of the PVC gel actuators conduction process. The
actuation of PVC gels undergoing a cyclic linear voltage sweep was shown have a current peak
that occurred simultaneously with the onset of mechanical actuation. This was shown to be due
to the movement of charges between the electrodes upon polarity reversal. This presented a new
characterization method for multi-directional actuation of PVC gels and quantified the reason
for PVC gels characteristic electromechanical memory and hysteresis effects. PVC gels exhibit
much faster deformation upon repeated actuation towards the same electrode, and a
significantly muted response when the electrode polarity is reversed. The electrical energy is
initially lost to charge migration (conductivity) within the gels and only after a substantial
amount of time does the space charge reach the opposite electrode to induce electromechanical
transduction. Upon repeated actuation this is not the case, as the space charge layer is already
formed, and actuation occurs over a much shorter timeframe (which is determined by the true
dipole relaxation time and the viscoelastic mechanical properties of the material).
A finite element model of the electrostatic actuation of PVC gels was created, that allows
for control of the electrical and mechanical properties of the space charge layer and bulk gel
material. This will be able to serve as a basis for future models, both of contraction actuators and
new developing actuator geometries. To verify the model, the simulations’ displacement
response was compared to PVC gel actuators that were fabricated and tested in contraction at
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various voltages. The results indicated good agreement with the experimental results, with a
RMSD of 8%, and no error higher than 12μm at the measured voltages. A method for parametric
modeling of mesh contraction actuators was shown with studies on the effects of Young’s
modulus, mesh density, and gel thickness. The Young’s modulus sweep indicated that the
material softness of PVC gel actuators was a key parameter to gel actuation, and that a high
space charge density and Maxwell stress alone was insufficient to induce high deformation at
low voltages. The mesh density was found to be constraining to gel motion when the mesh gap
width was too small for the gel to deform into, but the effect was smaller than the other studied
parameters. Finally, the gel thickness was also found to have a large effect on the overall
displacement of the gels for a given voltage. This implies that, while PVC gel actuation occurs
primarily in the space charge layer (and thus is less dependent on the material thickness than
DEAs) the thickness still plays an important role. This is likely a result of the space charge being
dependent upon the gel thickness combined with the effects of a small gap spacing (relative to
the gel thickness) reducing the area for the gel to move into [1], [11]. This model furthers the
understanding of the relevant parameters for PVC gel actuation and can be of future use in
actuator optimization and for the design of novel actuator geometries.
In the final Chapters of this work an improved actuator was created through the
inclusion of functionalized graphene oxide. Functionalized graphene oxide was found to
significantly increase the performance of the gels, improving displacement (20%), force
production (41%), power output (36%), and significantly reducing response times. This work
introduced CBFs as promising materials for improvement of PVC gel actuators and served as the
foundation for future advances in the area. The mechanism of performance enhancement
through conductive fillers was studied for PVC gels with functionalized CNTs and [Bmim]BF4
ionic liquids to differentiate between their material properties, and their ability to create more
functional PVC gel actuators. A recommendation is made for additives in distinct applications,
and the work opens the door for additional exploration into the area. Polarity reversal of the gel
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after saturation in an electric field was used to produced time-of-flight measurements for the
modified and unmodified gels. This allowed for the apparent mobility to be calculated and the
implied conductivity change to be compared with that obtained through low-voltage impedance
spectroscopy measurement. ILs added additional ionic charge carriers to the gel resulting in a
faster relaxation, while the improvement of the conductivity in gels with CNTs was found to
come primarily from the increase of ionic mobility. In IL gels, the addition of both positive and
negative charge carriers into the IL gels screened a portion of the electric field that would
typically provide energy for actuation. While both additives increased the displacement of the
gels, CNTs do so while improving the mechanical characteristics of the gels (increased modulus)
and electrostatic force production. A recommendation was made for CBFs to be used in most
applications, with the exception of optical lenses, for which ILs are better suited, due to their
high transparency, which is even greater than that of unmodified PVC gels (Appendix Figure
C-12).
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: Suggested Future Work
While the work presented here addressed the fundamental mechanism of PVC gel
actuators, many questions remain. The charge mobility in the gels is a key area of interest which
is loosely touched on in Chapter 5, but other methods for determination of charge mobility
might shed more light on the topic. Additionally, further study of the space charge, including:
the change in space charge over time, and the change in space charge with differing electrode
areas would provide valuable information for the furtherance of PVC gel actuation theory.
This dissertation has focused solely on PVC gel actuation, but PVC gels also perform
admirably as functional smart sensors. While our group has done limited work in the area [154],
a connection of the theories of PVC gels’ electromechanical and mechanoelectrical transduction
mechanisms would be useful to the understanding of both areas. Applications for PVC gel smart
sensors are also somewhat lacking in the literature, and their low modulus means that they
could be of particular use in areas such as smart textiles especially if combined with haptic
feedback actuators.
The model derived in Chapter 4 allows for some valuable insight into PVC gel actuator
design and optimization. It allows for optimization of a specific, common, actuator
configuration, but could be generalized to other geometries. This generalization would be
another area that seems ripe for opportunity, particularly in optical applications, where much of
the advancements of PVC gels have been made in recent years. The other issue with the model
comes from the use of pulsed electroacoustic (PEA) space charge measurement for
determination of the electric field in the gels. PEA is not an extremely intensive characterization
process, but it is more cumbersome than some simpler measurements such as impedance
spectroscopy. The advancement of the fundamental theory for the charge distribution in PVC
gels may allow for the exact plasticizer rich layer electrical properties to be modeled from the
voltage and geometry directly (without the need for space charge measurement). This would
significantly improve upon the model presented here, which should be taken as a first step in
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this direction. There is also more work needed in the area of PVC gel actuator control. We have
done some recent work with Smart Microsystems Laboratory at Michigan State University (PI:
Prof. Xiaobo Tan) in the area, focusing on control of contraction actuators with a sinusoidal
voltage input using a nonlinear dynamic model, but further expansion of this work will provide
valuable contributions to the field in the coming years. Much of the control work thus far (both
by us and others) has been of the “black-box” or “grey-box” variety, but a control model that
makes direct use of the causal relationships informed by the fundamental physics of PVC gels is
the ultimate goal.
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Appendix A: Nomenclature and Abbreviations
A.1 Nomenclature
𝐴

electrode area, m2

𝐴1

pre-exponential constant for Jonscher’s power law

𝐴𝑐

capacity ratio of the gel; (𝑑/𝜆𝐷 )

𝛼

Cole-Cole equation exponential fitting parameter

𝑩

left Cauchy-Green deformation tensor; (𝑭𝑭𝑇 )

𝐵

magnetic flux density, T

𝐶

capacitance, F

𝐶1

Material constant for neo-Hookean material model

𝐶0

capacitance of free space for a given sample, F; (

𝐶𝑏𝑢𝑙𝑘

capacitance of the bulk gel, F

𝐶𝐸𝑃

capacitance due to electrode polarization, F

𝑪

right Cauchy-Green deformation tensor; (𝑭𝑇 𝑭)

𝑫

electric displacement field, C/m2

𝐷1

Material constant for neo-Hookean material model

𝑑

gel thickness, m

𝛿

angle between imaginary and real axis of 𝜀 ∗

𝛿𝑖𝑗

1, 𝑖 = 𝑗
Kronecker’s delta; (𝛿𝑖𝑗 = {
)
0, 𝑖 ≠ 𝑗

𝑬

electric field, V/m

𝐸

Young’s modulus, Pa

𝐸′

material Storage Modulus, Pa

𝐸 ′′

material loss modulus, Pa

𝒆𝒛

unit vector in positive z direction

𝜀0 𝐴
)
𝑑

126

𝝐

strain tensor, m/m

𝜀0

vacuum permittivity, 8.854187817×10-12 F/m

𝜀𝑟

(true) relative permittivity

𝜀𝑟,𝑒𝑞

equivalent relative permittivity for a given equation/configuration setup

𝜀∗

complex permittivity; (𝜀 ∗ = 𝜀 ′ + 𝜀′′)

𝜀′

real part of the complex impedance; 𝑅𝑒(𝜀 ∗ )

𝜀′′

imaginary part of the complex impedance; 𝐼𝑚(𝜀 ∗ )

𝜀𝐸𝑃

relative permittivity as t→∞, corresponding to electrode polarization

∗
𝜀𝐸𝑃

complex permittivity corresponding to electrode polarization process

𝜂

viscosity, Pa s

𝑭

deformation gradient tensor; (𝑰 + 𝛻𝒖)

𝐹𝐸𝑆

electrostatic adhesive force, N

𝑓

frequency, Hz

𝑋
𝑓𝑚𝑎𝑥

frequency of “X”-spectra maximum peak, Hz

𝒈

acceleration due to of gravity, -9.81 m/s2

𝛾

surface energy, J/m2

𝑖

current, A

𝑖𝑐𝑜𝑚𝑝

current compensated for DC leakage effects, A

Δ𝑖

current difference between two voltage ramps at different angular frequencies, A

𝑖𝐶

current associated with the capacitive effects of the bulk gel, A

𝑖𝑅

current associated with resistive DC leakage, A

𝑖𝑠𝑤𝑖𝑡𝑐ℎ

current associated with motion of charge and space charge layer formation, A

𝑰

identity matrix

𝐼1

first invariant (trace) of 𝑪; (𝜆12 + 𝜆22 + 𝜆23 )

𝐽

Current density, A/m2
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𝐽𝑒𝑙

elastic volume ratio; (𝑑𝑒𝑡(𝑭); 𝜆1 𝜆2 𝜆3 )

𝑗

imaginary unit, (√−1)

𝑘𝐵

Boltzmann constant, 1.38064852×10-23 m2 kg s-2 K-1

𝜅

material bulk modulus, Pa; (3(1−2𝜈) )

𝜆

Lamé’s first parameter, Pa; ((1+𝜈)(1−2𝜈) )

𝜆𝐷

electrical double layer thickness, nm

𝜆1 , 𝜆2 , 𝜆3

principal stretches

𝑀𝑛

number average molecular weight

𝑀𝑤

molecular weight

𝑀∗

complex electric modulus (𝜀∗ )

𝑀′

real part of 𝑀∗

𝑀′′

imaginary part of 𝑀∗

𝑀∞

imaginary modulus at high frequencies; ( )

𝑀𝐸𝑃

imaginary modulus after electrode polarization; (𝜀 )

𝜇

material shear modulus, Pa

𝜇0

vacuum permeability, (4π)10-7 H/m

𝜇𝑎𝑝.

apparent ionic mobility, cm2/V s

𝑛

exponent for dielectric loss modulus frequency relation

𝒏

surface unit normal vector

𝑛0

equilibrium number density of charges in the material

𝜈

Poisson’s ratio

𝜔

angular frequency, rad/s; (2𝜋𝑓)

𝜔𝑚

angular frequency of 𝑀′′ peak, rad/s

𝐸

𝐸𝜈

1

1
𝜀𝑟

1

𝐸𝑃
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𝑋
𝜔𝑚𝑎𝑥

angular frequency of X-spectra maximum peak, rad/s

𝑞

charge, C

𝑄

area charge density, C/m2

𝑅𝑏𝑢𝑙𝑘

resistance of bulk gel, Ω

𝑅𝑠

resistance of electrodes (high-frequency intercept of 𝑍 ∗ plot), Ω

𝜌

volumetric charge density, C/m3

𝜌𝑙

density of liquid (DBA), kg/m3

𝜎𝑠

surface charge density, C/m2

𝑺

second Piola-Kirchoff stress tensor, Pa

𝑺𝒆𝒙𝒕

external stress tensor, Pa

𝑠

Jonscher’s power law exponent

𝝈

Cauchy stress tensor, Pa

𝜎

conductivity, S/cm

𝜎AC

AC conductivity, S/cm

𝜎DC

DC conductivity, S/cm

𝝈𝒆𝒙𝒕

external Cauchy stress tensor σ, Pa

𝑇

temperature, K

𝑡

time, s

𝜏𝑀

conductivity relaxation time, s

𝜏𝐸𝑃

electrode polarization relaxation time, s

𝑈𝑋

energy corresponding to “X”, J

𝒖

material displacement tensor

𝑉

voltage, V

𝑉𝑙

volume of a liquid (DBA), m3

𝑊𝑠

elastic strain energy density, J/m3
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𝑍∗

complex impedance; (𝑍 ∗ = 𝑍 ′ + 𝑍 ′′ ), Ω

𝑍′

real part of the complex impedance; 𝑅𝑒(𝑍), Ω

𝑍′′

imaginary part of the complex impedance; 𝐼𝑚(𝑍), Ω

𝑧−

charge of a monovalent anion, eV

𝑧+

charge of a monovalent cation, eV

130

A.2 Abbreviations
AC

Alternating Current

AMSL

Active Materials and Smart Living (Laboratory)

ASME

American Society of Mechanical Engineers

ATR

Attenuated Total Reflectance (FTIR Accessory)

[Bmim]BF4

1-butyl-3-methylimidazolium tetrafluoroborate

CAD

Computer Aided Design

CBF

Carbon-Based Filler

CC

Cole-Cole (equation and plot)

CNT

Carbon Nanotube(s)

CPA

Conducting Polymer Actuators

DBA

Dibutyl Adipate

DC

Direct Current

DEA

Dielectric Elastomer Actuator

DI

Deionized water

DL

Double Layer

DLCC

Dynamic Leakage Current Compensation

DMA

Dynamic Mechanical Analysis

DOF

Degrees-of-Freedom

EAP

Electroactive Polymer

ECF

Electro-conjugate Fluid

EDL

Electrical Double Layer

EHD

Electrohydrodynamic

EIS

Electrochemical Impedance Spectroscopy

EP

Electrode Polarization

EPD

Electrophoretic Deposition
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FMWCNT

Functionalized Multi-Walled Carbon Nanotubes

FTIR

Fourier Transform Infrared Spectroscopy

FWHM

Full Width at Half Maximum

GO

Graphene Oxide

HASEL

Hydraulically-Amplified Self-Healing Electrostatic Liquid (actuator)

IL

Ionic Liquid

IPMC

Ionic Polymer Metal Composite

ITIC

Isothermal Transient Ionic Current

PANI

Polyaniline

PEA

Pulsed Electroacoustic (Method)

PR

Plasticizer-Rich Layer

PTFE

Polytetrafluoroethylene

PVA-DMSO

Polyvinyl alcohol-dimethyl sulfoxide

PVC

Polyvinyl Chloride

PX

PVC gel with one-part PVC to “X” parts DBA

RMSD

Root Mean Squared Deviation

SCL

Space Charge Layer

TGA

Thermogravimetric Analysis

THF

Tetrahydrofuran
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Appendix C: Supplementary Material
C.1 Chapter 3 – Supplementary Figures

o

ie

Figure C-1: Parallel plate testing setup for PVC gel impedance analysis.

Figure C-2: Diagram of setup for electrical measurements.
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Figure C-3: General measurement equipment configuration: sample testing
stage (top), equipment (bottom).
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Figure C-4: Diagram (left) and image (right) of setup for electrostatic adhesion
force measurement (mass is labeled as “M” in the figure diagram).

C.2 Chapter 3 – Supplementary Summary of prepared PVC gels
Table C-1: Summary of prepared PVC gels.

Label

PVC:DBA
wt-%
Ratio

PVC
Monomer:DBA
Mole Ratio

[C-Cl]:
[RCOOR’]
Mole Ratio

P05

1:0.5

0.12

0.24

P1

1:1

0.24

0.48

P2

1:2

0.48

0.97

P4

1:4

0.97

1.94

P6

1:6

1.45

2.90

P8

1:8

1.94

3.87

139

C.3 Chapter 3 – Derivation of M* Cole-Cole Relaxation
Derivation from Tian and Ohki [100].
The electric modulus is defined as the inverse of relative permittivity.

𝑀∗ =

( C-1 )

1
𝜀∗

Assuming the relative permittivity can be fit to a Cole-Cole model (where 𝜀𝐸𝑃 and 𝜀𝑟 are the
permittivity at low frequencies after electrode polarization and at high frequencies, before
electrode polarization, and the time constant associated with the electrode polarization process
is 𝜏𝑀 ):

𝑀∗ =

1
𝜀𝐸𝑃 − 𝜀𝑟
𝜀𝑟 +
1 + (𝑗𝜔𝜏𝐸𝑃 )1−𝛼

( C-2 )

𝜀

Let ( 𝜀𝐸𝑃 ) = Δ𝜀 and (𝑗𝜔𝜏𝐸𝑃 )1−𝛼 = 𝛽
𝑟

𝑀∗ =

1
1
×
Δ𝜀
−1
𝜀𝑟 1 +
1+𝛽

( C-3 )

Δ𝜀 − 1 Δ𝜀 − 1
1+
−
1
1+𝛽
1+𝛽
𝑀 = ×[
]
Δ𝜀 − 1
𝜀𝑟
1+
1+𝛽
∗

𝑀∗ =

1
Δ𝜀 − 1
× [1 −
]
𝜀𝑟
1 + 𝛽 + Δ𝜀 − 1

Δ𝜀 1
1 𝜀𝑟 − 𝜀𝑟
𝑀 = −
𝜀𝑟 Δ𝜀 + 𝛽

( C-4 )

( C-5 )

( C-6 )

∗
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1
1
−𝜀
1
𝜀
𝐸𝑃
𝑀∗ = − 𝑟
𝜀𝑟 1 + 𝛽Δ𝜀

( C-7 )

1
1
1
1
−
−
1
1
𝜀
𝜀
𝜀
𝜀
𝑟
𝐸𝑃
𝑟
𝐸𝑃
𝑀∗ = −
→ −
′ )1−𝛼
𝜀𝑟 1 + (𝑗𝜔𝜏 )1−𝛼 × (𝜀𝐸𝑃 ) 𝜀𝑟 1 + (𝑗𝜔𝜏𝑀
𝐸𝑃
𝜀𝑟

( C-8 )

′
where 𝜏𝑀
is the modified conductivity relaxation time (for a Cole-Cole model as opposed to a

Debye model where 𝛼 = 0.

𝑀∗ = 𝑀∗ = 𝑀∞ −

1

1

𝑟

𝐸𝑃

where 𝑀∞ = 𝜀 and 𝑀𝐸𝑃 = 𝜀

𝑀∞ − 𝑀𝐸𝑃
′ )1−𝛼
1 + (𝑗𝜔𝜏𝑀

1

′
𝜏𝑀

( C-9 )

𝛼

𝜀𝑟 1−𝛼
𝜀𝑟 1−𝛼
= [𝜏𝐸𝑃 ( ) ] = 𝜏𝑀 [( ) ]
𝜀𝐸𝑃
𝜀𝐸𝑃

( C-10 )

𝜀𝑟
)
𝜀𝐸𝑃

( C-11 )

𝑀∞ − 𝑀𝐸𝑃
1 + 𝑗𝜔𝜏𝑀

( C-12 )

𝜏𝑀 = 𝜏𝐸𝑃 (

When 𝛼 ≈ 1, a Debye relaxation fit is used

𝑀∗ = 𝑀∞ −
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This indicates that when the relaxation of the permittivity is able to be described by a Cole-Cole
(or Debye) equation, the electric modulus will also be able to be described by its own Cole-Cole
(or Debye) type equation.
C.4 Chapter 3 – Abbreviated Derivation of Debye Electrode Polarization
Derivation for Debye response of EP initially described by Coelho et al. (where full derivation
can be found) and further developed by others to describe physically significant relationship
between single charge carrier EP [111], [112]
The equation for the Debye length (scale of the electrical double layer) is Equation ( C-13 ).

1

1 𝜀𝑟 𝜀0 𝑘𝐵 𝑇 2
𝜆𝑑 = (
)
𝑧−
𝑛0

( C-13 )

where 𝑘𝐵 is the Boltzmann constant, T is temperature, 𝑛0 is the number of charge carriers and
𝑧− is the charge of a monovalent anion. The relaxation time for the material is defined as the
relationship of permittivity to conductivity is Equation ( C-14).

𝜏𝑀 =

𝜀
𝜀𝑟 𝜀0
=
𝜎0 𝑛0 𝑧− 𝜇

( C-14 )

the capacity ratio is defined as the ratio of sample thickness to two times the Debye length
(based upon EDL formation at both electrodes), this can be seen in Equation ( C-15 )

1

1
𝑑
𝑧− 𝑑
𝑛0
𝜀
𝜀𝑟 𝜀0
2
=
=
(
) 𝜏𝑀 =
=
𝐴𝑐 2𝜆𝑑
2 𝜀𝑟 𝜀0 𝑘𝐵 𝑇
𝜎0 𝑛0 𝑧− 𝜇

( C-15 )

assuming the EP process can be represented by a Debye relaxation (Equation ( C-16 ))
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∗
𝜀𝐸𝑃
= 𝜀𝑟 +

𝜀𝐸𝑃 − 𝜀𝑟
1 + 𝑖𝜔𝜏𝐸𝑃

( C-16 )

the low frequency relative permittivity can be expressed as the capacity ratio times the high
frequency relative permittivity (Equation ( C-17 ))

𝜀𝐸𝑃 = 𝜀𝑟 (

1
)
𝐴𝑐

( C-17 )

the time constant for the EP is the multiple of the capacity ratio and material conductivity time
constant seen in Equation ( C-18 ).

1

𝜏𝐸𝑃

𝜏𝑀
𝐿 𝜀𝑟 𝜀0 2
=
=
(
)
𝐴𝑐 2𝜇 𝑛0 𝑘𝐵 𝑇

( C-18 )

with the real and imaginary parts of the EP permittivity being equal to Equations ( C-19 ) and
( C-20 ), respectively.

′
𝜀𝐸𝑃
= 𝜀𝑟 +

′′
𝜀𝐸𝑃
=

Δ𝜀𝐸𝑃
2
1 + 𝜔 2 𝜏𝐸𝑃

( C-19 )

Δ𝜀𝐸𝑃 𝜔𝜏𝐸𝑃
2
1 + 𝜔 2 𝜏𝐸𝑃

( C-20 )

tanδ can be found from 𝜀 ∗ as Equation ( C-21 ).

′′

tan(𝛿) =

𝜀
=
𝜀′

𝜎0
2 ))
𝜀0 𝜔(1 + 𝜔 2 𝜏𝐸𝑃
2 )
Δ𝜀𝐸𝑃 + 𝜀𝑅 (1 + 𝜔 2 𝜏𝐸𝑃

(Δ𝜀𝐸𝑃 𝜔𝜏𝐸𝑃 +
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( C-21 )

which simplifies (as the conductivity term is negligible for the conductivity, EP time constant,
and frequency range of measurement of PVC gels) to Equation ( C-22 )

tan(𝛿) =

𝜔𝜏𝐸𝑃
2 )
1 + (𝐴𝑐 𝜔 2 𝜏𝐸𝑃

( C-22 )

And the maximum loss tangent frequency is shifted by the reciprocal of the square root of the
capacity ratio as seen in Equation ( C-23 ).

ω𝑡𝑎𝑛𝛿
max =

1
1/2

𝐴𝑐 𝜏𝐸𝑃

=

1
(𝜏𝑀 𝜏𝐸𝑃 )1/2

C.5 Chapter 5 – Supplementary Figures and Video

Figure C-5: The chemical structure of PVC and DBA.
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( C-23 )

Figure C-6: Photograph of a prepared PVC gel (P8) by casting method, shows
transparency and good flexibility.

Figure C-7: Image of prepared PVC and PVC/GO gels (sample names shown
below respective gels).

Video C-1: PVC gel P8 movement.
https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-019-461472/MediaObjects/41598_2019_46147_MOESM2_ESM.mp4
Video C-2: PVC (P8) and PVC/GO (P8G01) gel movements.
https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-019-461472/MediaObjects/41598_2019_46147_MOESM3_ESM.mp4'
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C.6 Chapter 6 – Supplementary Figures

Figure C-8: Setup for PVC gel contraction actuator displacement test.

Figure C-9: PVC gel electrostatic adhesion test setup.
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Figure C-10: THF with CNTs prior to dispersion through ultrasonication.

Figure C-11: P4 gels with CNTs (left), unmodified (left-middle), 0.01%
[Bmim]BF4 (right-middle) and 0.05% [Bmim]BF4 (right).
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Figure C-12: P4 and P4-IL1 optical transmission comparison (measured
through UV-Vis spectroscopy).

C.7 Uncertainty Analysis
Uncertainty was considered for all measurements in this work. Uncertainty error bars
are included in all plots where the values influence the interpretation of the data presented. In
cases where the uncertainty is low and does not meaningfully change the interpretation, the
error bars have been omitted for better readability. Uncertainty data is available upon
reasonable request.
For the impedance spectroscopy measurements in Chapter 3, the measurements were
taken using the average value from the ET4510 LCR meter over 30 seconds; one sample of each
plasticizer ratio gel was tested. The error bars shown in Figure 3-9 and Figure 3-10 are
calculated from the measurement uncertainty and is based upon the frequency, impedance,
measurement speed, signal voltage, phase angle, and gel thickness. The impedance
measurement error is calculated based upon the equipment user manual as:
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𝑍𝑥
100
+
) (1 + 𝑘𝑠 + 𝑘𝑉 + 𝑘𝑓 )
100,000
𝑍𝑥

( C-24 )

𝑍𝑥
100
+
) (1 + 𝐷𝑥 + 𝐷𝑥2 )(1 + 𝑘𝑠 + 𝑘𝑉 + 𝑘𝑓 )
100,000
𝑍𝑥

( C-25 )

𝑍𝑥,𝑒𝑟𝑟 = 0.1% (1 +

𝐷𝑥,𝑒𝑟𝑟 = 0.001 (1 +

Where 𝑍𝑥 and 𝐷𝑥 is the measured impedance and dissipation factor. 𝑍𝑥,𝑒𝑟𝑟 and 𝐷𝑥,𝑒𝑟𝑟 are the
impedance measurement error and dissipation factor measurement error. While 𝑘𝑠 , 𝑘𝑉 , and 𝑘𝑉
are factors related to the speed of measurement, the measurement signal voltage, and
measurement frequency, respectively.
For the contraction measurements in Chapter 4 - Chapter 6 (seen in Figure 4-14, Figure
5-6b, and Figure 6-6a) the maximum contraction is calculated based upon the average
maximum value over multiple measured intervals. the error bars displayed are calculated based
upon the standard deviation for the maximum contraction over the measurement period.
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Appendix D: Additional Data Plots
D.1 Additional Data Plots – Chapter 3
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Figure D-1: Argand plot for P05

Figure D-2: Argand plot for P1
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1.5×108

Figure D-3: Argand plot for P2

Figure D-4: Z* Bode plot for P05
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Figure D-5: Z* Bode plot for P1

Figure D-6: Z* Bode plot for P2

152

Figure D-7: Z* Bode plot for P4

Figure D-8: Z* Bode plot for P6
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Figure D-9: Z* Bode plot for P8

Figure D-10: Conductivity plot for P05
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Figure D-11: Conductivity plot for P1

Figure D-12: Conductivity plot for P2
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Figure D-13: Conductivity plot for P6

Figure D-14: Conductivity plot for P8
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Figure D-15: Normalized M’’-Z’’ Plot for P2

Figure D-16: Real electric modulus (M’) versus frequency log-log comparison
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Figure D-17: i-V cyclic linear voltage sweep with varying scan rates for P4
D.2 Additional Data Plots – Chapter 4

Figure D-18: Sample displacement versus time plot for P4 sample with an
applied 80V DC field (raw laser displacement output)
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Figure D-19: Sample displacement versus time plot for P4 sample with an
applied 400V DC field (raw laser displacement output)
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D.3 Additional Data Plots – Chapter 6

Figure D-20: (Left) Sample displacement versus time plot for P8 sample with an
applied 500V DC field (raw laser displacement output). (Right) Sample
displacement versus time plot for P8 sample with an applied 500V DC field
(filtered data - 2 Hz low pass).

Note: the data for the study in Chapter 6 was taken with a different DAQ than the data in
Chapter 4, and this is the reason why the signal has significantly more noise
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Appendix E: Additional Analysis
E.1 Absorbance of PVC gels measured via FTIR-ATR
The absorbance spectra of PVC gels collected via FTIR (IRPrestige-21, Shimadzu) with
ATR accessory (MIRacle ATR, Pike) can be seen in Figure E-1 and Figure E-2. The peaks of PVC
gels can be seen to transition towards those of pure DBA with increasing plasticizer content.
This is not unsurprising as most of the content in P4-P8 gels is DBA (80-89%). Previously, it has
been reported that a shift in the peaks of the spectra on the anode and cathode immediately
after an applied voltage can be detected in low plasticizer content gels [10]. A 2kV/mm DC field
was applied to P2 gel for 30 minutes to ensure full formation of the space charge layer, and then
the sample carefully moved and quickly tested. No substantial shift in the relevant peak’s
spectrum was detected (Figure E-3). The reason for this discrepancy is undetermined at this
time but could possibly be due to a difference in the plasticizer content gel tested (P2 for our
work versus P3 in the original), or some other unmentioned methodology utilized in the testing
procedure in the original work that was not replicated in out setup.
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Figure E-1: Absorbance comparison for PVC gels (pure PVC, P1, P2, P4, and
pure DBA).
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Figure E-2: Absorbance comparison for C=O peak in PVC gels (arrow of
increasing DBA content).
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Figure E-3: Absorbance comparison for P4 with 2 kV/mm applied field.

E.2 Analysis of PVC gels for use in wall-climbing robots
Wall-climbing robots have been of great interest to the research community in recent
years [155]. While PVC gels require a conductive surface for demonstration of their large
adhesive force, in specific applications (such as along a fabricated metal track in a factory) they
may provide a strong benefit over other proposed materials in the area. This is due to their
ability to produce large adhesive forces while also being lightweight, soft, and highly flexible. In
this section a PVC gel robot design is proposed, and the relevant equilibrium conditions are
presented.
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Figure E-4: Diagram of proposed PVC gel wall-climbing robot

Figure E-5: Freebody diagram of proposed PVC gel wall-climbing robot
From derivation found in Koh et al. [155], the relevant equilibrium conditions for a wall
climbing robot can be found below.

𝜇𝑡𝑟𝑎𝑐𝑘 (𝐹𝑓 + 𝐹𝑟 + 𝑭𝒑 + 𝐹𝑉,𝑦 ) + 𝜇𝑡𝑎𝑖𝑙 𝐹𝑡𝑎𝑖𝑙 + 𝐹𝑉,𝑥 ≥ 0
𝐸𝑞𝑢𝑖𝑙𝑙𝑖𝑏𝑟𝑖𝑢𝑚
𝐹𝑓 + 𝐹𝑉,𝑦 + 𝑭𝒑 + 𝐹𝑟 + 𝐹𝑡𝑎𝑖𝑙 ≥ 0
{
𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠
𝐹𝑟 𝐿4 + (𝐹𝑝 + 𝐹𝑉,𝑦 )(𝐿2 + 𝐿4 ) + 𝐹𝑓 (𝐿1 + 𝐿2 + 𝐿4 ) ≥ 0
𝑭𝒑 2 1
𝑭𝒑
( )
+ ( ) (1 − cos(𝛼)) = 𝐹𝐸𝑆
𝑤𝑒𝑙 2𝑡𝑒𝑙 𝐸
𝑤𝑒𝑙
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We can see that the peeling force is a quadratic function with an elastic coefficient term
dependent upon Young’s modulus, 𝐸, and the electrostatic force 𝐹𝐸𝑆 . While 𝐸 is lower than other
materials used as s wall climbing robots, the importance of this term is often able to be neglected
as 𝑤

𝑭𝒑
𝑒𝑙 𝑡𝑒𝑙

is generally much smaller than 𝐸. Additionally, since 𝐹𝐸𝑆 is much higher at a larger

thickness than thickness than other materials, what PVC gels lack in modulus can be made up
for through increasing the track thickness. Hence, PVC gels may still be a promising material for
this particular application.
E.3 Analysis of Electro-conjugate fluid properties of Dibutyl Adipate
The plasticizer used in PVC gel is a known electro-conjugate fluid (ECF) which exhibits
large electrohydrodynamic (EHD) effects on its own. ECFs are characterized by their large jet
flow under an electric field which is correlated with their conductivity and viscosity.
To study the Electrohydrodynamic (EHD) effects of DBA, the Sumoto effect was
analyzed. The effect can be seen when two wires are placed into the fluid and a field is applied,
the fluid rises along the electrodes. The force required to raise the fluid is the force necessary to
overcome gravity as well as the force to create the new contacting surface on the electrode.

𝑭 = 𝜌𝑙 𝒈𝑉𝑙 + 2𝜋𝑟𝛾𝒆𝒛

The force exerted by the electric field are the force due to the permittivity jump between
DBA and air, as well as the space charge in the fluid.

1
𝑭𝒖 = ∫(𝜌𝑬 − 𝑬2 ∇𝜀𝑟 )𝑑𝑉𝑙
2
𝐵. 𝐶. 𝑠: 𝛻𝜀 ≠ 0;

𝜕𝜀
𝜕𝜌

1

= 0) ; 𝜌𝑙 𝒈𝑉𝑙 + 2𝜋𝑟𝛾𝒆𝒛 = ∫ (𝜌𝑬 − 2 𝑬2 ∇𝜀𝑟 ) 𝑑𝑉𝑙
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where 𝜌, 𝑬, 𝜀𝑟 , 𝜌𝑙 , 𝒈, 𝑉𝑙 , 𝑟, 𝛾, and 𝒆𝒛 are the volumetric charge density, electric field,
relative permittivity, density of the liquid, gravitational acceleration, volume of the liquid, radius
of the electrode wire, surface energy, and unit normal vector in the z direction, respectively.
The fluid initially rises along the anode in DBA and then quickly shifts in the direction of
the cathode as charges move through the fluid. The maximum height of the fluid on the
electrode is approximately 0.8mm. The fact that the DBA moves towards the cathode as opposed
to the anode is indicative of the fact that the charge carriers in pure DBA are not the same as the
predominate charge carriers in PVC gels, additionally the peak current is ~1 order of magnitude
below PVC gels.

Figure E-6: DBA raising at electrodes due to the Sumoto effect
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Figure E-7: Height displacement of DBA in an electric field due to the Sumoto
Effect
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Appendix F: A multi-degree of freedom bending actuator based on a novel
cylindrical polyvinyl chloride gel
This appendix includes graphics which were published and presented at the SPIE
conference on Smart Structures and Non-Destructive Evaluation, 2021. Figures reprinted with
general permission from SPIE Digital Library. From Frank, Z., Olsen, Z., Hwang, T., Kim, K.J.
(2021, March). A multi-degree of freedom bending actuator based on a novel cylindrical
polyvinyl chloride gel. In Proc. SPIE 11587, Electroactive Polymer Actuators and Devices
(EAPAD) XXIII, 115870K , Virtual Conference. DOI: 10.1117/12.2584190 [95]. All copyrights
included in appendices.
Video F-1: Conference Presentation: A multi-degree of freedom bending
actuator based on a novel cylindrical polyvinyl chloride gel.

https://www.spiedigitallibrary.org/conference-proceedings-ofspie/11587/115870K/A-multi-degree-of-freedom-bending-actuator-based-ona/10.1117/12.2584190.short

F.1 Introduction
In this work, an advanced application of polyvinyl chloride (PVC) gels, as a material for
use in a multi-directional bending actuator, is investigated. PVC gel bending actuators have been
studied since the early 2000’s. While initially they were significantly slower and had lower
output force than other soft robotic bending actuators, they have been improved upon
substantially during the following decades and offer many favorable properties in comparison to
other bending EAPs. Competitors to PVC gels in the area include Ionic-polymer Metal
Composites (IPMCs) and Dielectric Elastomer Actuators (DEAs), which have previously been
identified for use in bending actuators. PVC gels outperform IPMCs in terms of both response
time and maximum displacement, likewise, PVC gels unique actuation mechanism allows for
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much larger deformation than DEAs, and do not require a strain-limiting layer in order to
control bending actuation. In terms of operating voltages, PVC gel bending actuators require
around 500 V to show appreciable bending. This fall in between DEAs and IPMCs, with DEAs
requiring multiple kilovolts to actuate, and IPMCs which actuate with 1-3 V. A comparison of the
structure between the three different technologies can be seen in Figure F-1 below.

Figure F-1: PVC gel (top), DEA (bottom left), and IPMC (bottom right) bending
actuator geometries
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PVC gel’s ability to show large quick actuation in multiple directions based upon how their
electrodes are configured offers a unique advantage over other smart materials as two degreesof-freedom (2-DOF) bending actuators. PVC gels are also the only electroactive polymers
currently able to provide an entirely soft bending actuator, which could prove useful for low
force applications (such as soft grippers or as a soft robotic end effector). Our actuator
configuration involves the design and fabrication of a cylindrical PVC gel with 2-DOF
electromechanical bending actuation capacity. The desired functionality is based upon
segmented electrodes which can be actuated independently, or in conjunction for full 2-DOF
range of motion. A bending actuator with two axis control is fabricated and tested for
mechanical properties.
F.2 Methods
F.2.1 Materials and PVC Gel Preparation
The PVC gels were prepared from commercially purchased PVC (MW = 80,000 g mol-1,
Mn = 47,000 g mol-1) and DBA (MW = 258.38 g mol-1), which were purchased from SigmaAldrich Co. Unlike traditional PVC gel fabrication methods which utilized THF as a solvent for
the PVC, which is then evaporated off before actuation, these gels where thermally processed
from plastisol. PVC and DBA were mixed in ratios of 1:4, 1:6, 1:8, and 1:11. The PVC was stirred
with DBA for 24 hours at 25˚C to allow the PVC to absorb some of the DBA. The mixture was
then slowly heated to 130˚C where it was held in order to form a crumbly white paste, which
serves as a PVC gel precursor. This plastisol was then cooled in a freezer at -10°C and stored for
later gelation. The precursor paste was then spooned into a mold heated to 180°C and allowed to
soften for 10 seconds with light pressure before being compressed for 20 seconds at
temperature. The mold was then quickly quenched in room temperature water to prevent
thermal degradation of the PVC gel and a transparent cylindrical gel resulted.
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Figure F-2: PVC gel preparation process

F.2.2 Fabrication of PVC gel Multi-Directional Bending Actuator
The 2-DOF PVC gel actuator was fabricated as follows. The cylindrical gels were cut to
15mm in length and slid into a polyolefin heat shrink sheath. Strips of copper sheets where cut
(10mm long, 250 µm wide, and 50µm thick) were cut and then carefully placed around the gel
within the heat shrink. The heat shrink was then carefully heated to cause compression of the
electrodes, securing them to the gel surface and creating a good contact for the gels to actuate.
The electrodes are then attached to the power supply, and the actuator is secured to an
insulative base. The sideview of the 2-DOF actuator setup can be seen in Figure F-3.
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Figure F-3: PVC gel preparation process
F.2.3 Characterization
The test setup used in this work included a signal generator (SDG-1025, Siglent), a high
voltage amplifier (609E-6, Trek), and data acquisition system (DAQ-6510, Keithley).
electromechanical displacement responses were measured using a 12 MP digital camera. The
displacement response over time was measured in unidirectional actuation for gels with varying
plasticizer ratios. In addition, the ability for the multi-directional bending actuator to change
directions was characterized by measuring the amount of time for the actuator to move from
being polarized at a 15˚ bending angle in the direction of one electrode to a 15˚ bending angle in
the direction opposite electrode, as well as in the direction of an adjacent electrode (diagram
seen in Figure F-4)
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Figure F-4: Testing method for characterization of directional motion of 2-DOF
PVC gel bending actuator
F.3 Results and Discussion
The PVC gels achieved very large maximum bending angles. Within 10 seconds of
applying a 1kV DC voltage, the P11 gel was able to reach over 130˚, with the P8 gel reaching
nearly 100˚ of bending. P6 and P4 deformed substantially less, both bending <35˚ in 10s, as
maximum bending angle was found to correlate with plasticizer content. P11 and P8 gels also
were eventually able to achieve the maximum 180˚after a longer time (47s and 63s,
respectively). The maximum bending angle for various PVC to plasticizer ratio gels can be seen
in Figure F-5.
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Figure F-5: Bending angle 10 seconds after actuation of the multi-directional
bending actuator
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The response of P11 gels over time can be seen in Figure F-6, while a Bode diagram for
P11 can be seen in Figure F-7. The operational bandwidth (3 dB) for P11 gels was found to be
7Hz, which is relatively quick and allows for swift end effector control. The P11 gel had a
maximum leakage current of just 1.01µA (which was the largest current of the gels measured).
Additionally, the P11 (P8, P6, P4) gel took 7.8 seconds (24, 53, N/A) seconds to switch to the
opposite polarity electrode, and only 5.3 seconds (17, 35, N/A) to shift towards the adjacent
electrode. Which indicates that, while the gels move towards adjacent electrodes faster than
towards the opposite electrode, there is still a relatively large delay that much be accounted for
when controlling PVC gels in multi-directional bending applications which is not the case in unidirectional bending (which was shown to have a bandwidth of 7Hz)
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Figure F-6: Bending angle versus time for P11 gel
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Figure F-7: Bode plot of frequency displacement response for P11 gel

Multidirectional PVC gel actuators open up possibilities for advanced applications such
as travelling wave cilia arrays capable of controlling linear transduction or swimming motion in
soft robots, or fluid manipulation in lab-on-chip devices (Figure F-8), or multi-tipped soft
gripping devices (Figure F-9: Soft robotic gripper made from multiple 2-DOF PVC gel bending
actuators).
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Figure F-8:Proposed PVC gel cilia array, with a synchronous traveling wave
(top) and symplectic metachronal wave (bottom)

Figure F-9: Soft robotic gripper made from multiple 2-DOF PVC gel bending
actuators
F.4 Conclusion
The electromechanical properties of 2-DOF PVC gel bending actuators (with PVC:DBA
ratios of P4, P6, P8, and P11) was presented. The PVC gel actuators performance was
demonstrated with an electric field of 1 kV and multi-directional control was presented. When
the content of DBA in PVC gel was increased, the gels exhibited increased displacement, both in
unidirectional, one-dimensional, and two-dimensional actuation. These results show that PVC
gels are a promising material for multi-DOF bending actuators and could prove highly valuable
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in applications such as controllable grippers, artificial cilia arrays, end effectors, and various
biomedical devices. A full system capable of adjusting the voltage to control the non-linear
response of PVC gels, as well as the ability to control multiple gels at once is to be the subject of
future work. Additionally, with further research on fabrication techniques of micro-PVC gels the
actuation voltage could be significantly reduced. This study provides a first step to demonstrate
some possible use cases of PVC gels as effective and controllable soft robotic actuators.
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Appendix G: COMSOL Model Implementation

This section includes images of the implementation of the Mesh contraction actuator model
described in Chapter 4 in COMSOL Multiphysics 5.6. The model utilizes the Electrostatics (es)
and Solid Mechanics (solid) physics modules. The specifics can be altered to model different
configurations/conditions/material properties, but this is a representative sample of the model
setup.

Figure G-1: Model Builder Setup
The Parameters are such that the mechanical properties in both the bulk gel and within the PR
layer can be modified independently.
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Figure G-2: Model Parameters
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Figure G-3: Ramp function (used for increasing voltage over time)

Figure G-4: Global Variables for the model (time dependent ramp function and
time dependent voltage ramp)
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Figure G-5: Default Model Inputs (only default input used is for the copper
electrode material, PVC gel material is not defined directly, parameters are
used for properties instead)

Figure G-6: Variables (from ‘Component 1>Definitions>Variables 1),
initialization of z and Z variables
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Figure G-7: Boolean setup for definition of PR layer

Figure G-8: Definition of material properties through the use of a Boolean
Operator
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Figure G-9: Setup of Maxwell stress components

Figure G-10: Geometry dropdown (from ‘Model Builder’ pane)
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Figure G-11: Building of gel geometry

Figure G-12: Building of cathode geometry
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Figure G-13: Building of initial anode geometries (for shaping/partitioning of
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Figure G-14: Partitioning of gel for geometry shaping

Figure G-15: Deletion of anode location from gel for shaping.
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Figure G-16: Building of anodes.

Figure G-17: Form assembly node
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Figure G-18: Solid Mechanics module settings
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Figure G-19: Linear Elastic Material (for cathode only)

Figure G-20: Free boundary condition
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Figure G-21: Rigid domain condition
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Figure G-22: Gent Hyperelastic Material for PVC Gel
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Figure G-23: Maxwell stress tensor
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Figure G-25: Symmetry constraint for bottom gel interface
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Figure G-26: Symmetry constraint for gel sides

Figure G-27: Rigid connector with cathode
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Figure G-28: Electrostatics module settings

Figure G-29: Anode positive time dependent voltage
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Figure G-30: Cathode voltage (ground)

Figure G-31: Charge conservation in the PVC gel
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Figure G-32: Implementation of sinusoidal space charge density in the PR layer

Figure G-33: Implementation of sinusoidal space charge density in the PR layer
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Figure G-34: Edge Distribution on top of gel

Figure G-35: Edge Distribution at anode
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Figure G-36: Triangular mesh size for rest of gel

Figure G-37: Triangular mesh size for electrodes
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Figure G-38: Time Dependent Hyperelastic solver settings
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